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ABSTRACT.
In normal subjects, the ventilatory and mouth occ­
lusion pressure ( both total mouth occlusion at 0.1 sec, 
from beginning of inspiration (Pq ^) and the maximum rate 
of change of mouth occlusion pressure, (dp/dt) ^ , ) 
responses to COp was studied. All three responses gave 
similar results. However, the Pq ,.| response has the dis­
advantage that subjects anticipated and were conscious of 
the occlusion; thus it was not used further. In hypoxia 
tests too, (dp/dt) and ventilatory responses gave
similar results. With added airways obstruction, the ven­
tilatory response to GOp was significantly reduced where- 
as the (dp/dt) response was unaffected, suggesting
that (dp/dt) reflects the respiratory centre output.
In patients with chronic airways obstruction, the 
normocapnie group showed a significantly lower ventilato­
ry response to COp but the (dp/dt) response was in^ ' iilci-X, <>
the range of the normal subjects in 87# of the patients. 
The hypercapnie patients showed significantly lower ven­
tilatory and (dp/dt) responses to GOg when compared
to that of the normal subjects. The resting PaGOg showed 
a better correlation with (dp/dt) response than withuicvjfV «I
ventilatory response. The ventilatory response in the 
patients showed a significant correlation with the degree 
of airways obstruction whilst (dp/dt) response did>Dy
not show any such relationship. This suggests that (dp/dt) 
max be &i reliable index of respiratory centre output
independent of airways obstruction.
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ABSTRACT ( contd. )
In anaesthetized rabbits, ventilation, (dp/dt) V':and the average rate and total diaphragmatic electrical 
activity ( integrated EMG ) in response to CO2 was compa- 
red. In unobstructed breathing, all four responses gave 
similar results. With added airways obstruction, the ven- 
tilatory response was significantly reduced whilst the ot- ÿ%her three responses were unaffected. Changes in (dp/dt) 
parallel changes in EMC activity with increases in PCOg. 
Thus it is shown again that (dp/dt) is independent ofIïlci..dA. 4»
airways obstruction and can be said to reflect the respir- 
atory centre neural output.
In 47 normal subjects, the ventilatory response to 
exercise ( when exercise is expressed as COg produced and 
Op uptake ) was studied in trained and untrained subjects. 
The exercise ventilatory response was compared to the COp 
response as measured by ventilation and in some subjects by 
(dp/dt) response. It is found that trained subjectsIilCA.X. 0
had a significantly lower COg response and a lower venti­
latory response to exercise than the untrained. The venti­
latory and (dp/dt) responses correlated significantlyiiiciJS. a
with exercise ventilatory response. A similar correlation 
was found between (dp/dt) and ventilatory response toiil 0
hypoxia and exercise ventilatory response.
The breathing pattern of man was alSo studied to find 
its relationship with the above findings.
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INTRODUCTION
■■'1 I
, i
I
IMeasurements of response to hypercapnia and hypoxia %
gives information on the peripheral and central cherao- 
sensitivity of the individual. Various methods have 6
been employed to assess this chemosensitivity in normals
and in patients with airways obstruction. The most %
widely used index of respiratory centre output during 
hypercapnia is the ventilatory response. This can be done 
either by the steady-state (Schaefer 1958) or the re­
breathing method of Read 196? (Godfrey et al 1971 &ad 
Jennett and Short 1975). Both the mëthods gave comparable 
results in normal subjects (Read 1967)* The rebreathing 
method though, has the practical advantage of mobility 
and takes less time. In disease the COg response has 
been measured in brain damage (North and Jennett 1976) and 
in patients with chronic obstructive airways disease 
(Park 1965, Godfrey et al 1971, and Lane and Howell 1970).
In patients with chronic airways obstruction, Scott 1920 
found a reduced ventilatory response to COp. This results § 
in 2 postulations to explain this observation. One idea 
was that the airways obstruction itself was the main cause 
(Cherniack and Jnidal 1956) and the other was that reduced 
COp responsiveness itself was the main factor (Park 1965).
Thus indices of COg response which were independent of 
airways obstruction, giving a true index of COg respons- 
ivenoss, have been employed. Amongst the methods used 
was the diaphragmatic electrical activity (Lourenco and 
Miranda 1968) and inspiratory work rate (Milic-Emili and
I
..............D
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Tyler 1965 )« Whitlaw et al 1975 showed that the 
pressure developed at the mouth during total inspiratory 
airways occlusion, increased with an increase in PCOg.
This total mouth occlusion pressure was used as an index 
of response to hypercapnia, Matthews and Howell 1974 
showed that when inspiration was occluded for a brief 
period, the maximum rate of change of mouth pressure,
(dp/dt) .could be used as an index of COp response.Ui3-3v ^
Animals have been widely used ao that direct measure- 
ments of OOg responsiveness could be made. Thus Eldridge 
1971 aad EVanich et al 1976 used phrenic nerve activity 
and Altose et al 1975 used diaphragmatic electrical 
activity as the measured response.
In normal subjects there are wide variations in the 
ventilatory response to hypercapnia ( Read 1967 and
Godfrey et al 1971 ) a%d hypoxia ( Rebuck et al 1975 and
Hirshman et al 1975 ). The reduced COg response could be due 
to genetic ( Beral and Read 1971 and Saunders et al 1976 ) 
or to environmental factors ( Schaefer 1965 and 8ong et 
al 1965 ). Leitch et al 1975 have shown that the vent­
ilatory response to both hypercapnia and hypoxia may be 
due to genetic factors. In addition reports of lower OOg 
and hypoxia response have been reported in athletes 
( Byrne-Quinn et al 1971 ) and people living in. hypoxic
environment ( Hurtado I960 ).
Rebuck et al 1972 have shown that the ventilatory 
response to exercise was greater in normal subjects with 
higher COp ventilatory response, suggesting that these 
two are related.
5
The pattern of breathing and its components, the 
inspiratory duration, expiratory duration and total 
breath duration too, give a picture of the timing and 
thus the inspiratory flow characteristics during 
breathing. Thus studies of breathing pattern in man 
under various respiratory stimuli have been performed by 
Clark and Euler 1972, Cunningham and Gardner 1972 and 
Jennett et al 1974.
In this study (Section lA), the ventilatory and 
(dp/dt). response to COg were studied in normal subjectsJTI ci Vv •
and in chronic bronchitic patients (both normocapnie and 
hypercapnie) to assess their usefulness as an index of 
respiratory centre output. The total mouth occlusion 
pressure response to COg and response to
hypoxia was also tested in normal subjects.
In Section IB, the maximum rate of change of mouth 
occlusion pressure, ventilatory and diaphragmatic 
electrical activity response to COg were studied in 
anaesthetised rabbits, with and without added airways 
resistance.
Section 2 investigates the relationship between both 
ventilatory and (dp/dt) response to COg and the
ventilatory response to exercise in a large sample of 
trained and untrained normal subjects.
The breathing pattern of normal subjects when 
subjected to hypercannia, hypoxia and exercise was studied 
in Section 5 to see if t:ere was any difference in the 
pattern under different respiratory stimuli.
SECTION 1A
VENTILATORY AND MOUTH OCCLUSION 
PRESSURE RESPONSES IN NORMAL 
SUBJECTS AND IN PATIENTS WITH 
AIRWAYS OBSTRUCTION.
4^
INTRODUCTION
Measurements of responsiveness to hypercapnia and 
hypoxia are important in the determination of the 
sensitivity of the respiratory centre to different 
stimuli. By these means the respiratory drive can 
be determined in different individuals.
Since there is no mechanical or respiratory centre 
impairment in normal subjects, measurements of the 
ventilatory response to COg and hypoxia presents no 
real practical problems. However, Scott 1920 demon­
strated that patients with airways obstruction have a 
reduced ventilatory resoonse to COg, and there are two 
possible explanations for observation. One suggests 
that the airways obstruction itself is the main cause 
for this reduction in ventilatory response, whilst the . 
other suggests that reduced GOp sensitivity is the main 
factor. Therefore different techniques, which were 
independent of airways obstruction, have been employed 
to measure the COg resoonse.
Whitlaw et al., 1975 reported that when inspiration 
was made against an occluded airway, the mouth pressure, 
measured 0.1 second (Du after the start of inspiration, 
was a reliable index of response to hypercapnia.
Matthews and Howell 1975 developed a similar method, which 
showed that the maximum rate of change of pressure at the 
mouth when the initial part of inspiration was totally 
occluded, (dp/dt) , wag & reliable index of COg
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responsiveness which was independent of airways obstruction.
This study was done to confirm the results obtained in normals / 
by Matthews and Howell 1975» Whilst work on (dp/dt)___ measu-lUci.A. a %s.'ÿrements were made on chronic bronchitic patients, similar 
work was published by Matthews and Howell 1976.
In this study, the ventilatory response to OOg was studied 
in normal subjects, with and without added airways resistance, t 
and in patients with chronic obstructive airways disease, some y 
of whom were normocapnie and some hypercapnie. In addition Q
(dp/dt) was used to measure the COg response in these ^ max ® d
normal subjects and in patients, to see if it was a reliable 0
index of COg responsiveness independent of airways obstructionv&i
"In normal subjects, (pQ ^) response to COg was also studied^^ 
The ventilatory and (dp/dt) response to isocapnic hypoxia 4 
was studied in normal subjects to determine the reliability
of (dp/dt)^^^ response as an index of respiratory centre 
output
The first part of this section deals with method and -ÿ.
results obtained for the normal subjects and the second part, 
for the patients. The overall discussion is dealt with in 
the last part of the section.
Subjects and test procedure.
25 normal, healthy male subjects (age from 18 to 27 years
weight 55 to 70 kg.) underwent a COg rebreathing test during ÿ:'ïfwhich ventilation and (dp/dt)^__ responses were simultaneous- 3rn <3. 4»
ly recorded. Of these subjects, 15 also underwent COu rebrea-
thing with added airways resistance. The tests were carried 
out at the latter part of the morning. 20 normal 8ubjects( 6 
from the previous group above) underwent COg rebreathing
test where ventilation aiM(PQ^^) responses were simultaneo- 
usly recorded.
7To test the response to hypoxia, 20 normal subjects (all 
having undergone the 00^ rebreathing test previously) were 
tested. During this test, simultaneous measurements of 
ventilation and (dp/dt) were made.
METH0D8.
The OOg rebreathing.
a) ( d p / d t and ventilatory responses.
The COg rebreathing method used in this study is similar 
to Reads 1967.A collapsible rubber bag of 6.0 litres capacity 
was placed in an air-tight box. There were two outlets, one 
for the rebreathing circuit and the other to which was att- 
ached a pneumotachograph. The pneumotachograph measured the 
flow to and from the box when rebreathing occured and. these 
flow rates were converted into volume measurements by integr­
ation of the signals by an electrospirometer (MERCURY) (Fig. 
1A-a(i) ).
A linear calibration curve was obtained for volume measu- 
rements made on the electrospirometer, by pumping in and out, 
1 litre of air using a one litre syringe.
There is a dead space of 200 mis. between the air samp­
ling outlet and the mouthpiece.
Continous readings of COg were done by sucking gas sam- 
pies into an infra-red COg analyser (BECKMAN Model LB1) and 
then back again into the bag. Calibration of the analyser 
( accuracy ™ 0.1# in range of 0 to 10# COg ) , was carried 
out every morning on the day of testing, using known mixtures 
of COg in air which were initially analysed by a modified 
Haldane-Lloyd apparatus. The COg analyser was switched on 
overnight prior to a test for greater stability.
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Fig. lA"b (i)
Calibration of (dp/dt) max. spikes
Channel 1 gives an input signal of known voltage 
ramp pulse (which corresponds to pressure change 
signals). Channel 2 reaords the differentiated 
corresponding signal from Channel 1 as spikes, 
the height of whick gives (dp/dt) measurements,
sec
cîlaB2isX
1
ÿ- Ghaimel
Flg. lA-b (ii)
fracing of iîiaxiiîiuBî rate of change of presiS'ure
dXœing transient inspiratory occlnsion, (dp/dt), , , , max»recorded as spikes( channel 2 ) with, the
corresponding month pressure (channel 1).
height of X represents (dp/clt)  ^ measnrement,
te: telfM telilfiiiiinij. ite UHtel tei iite#lllijiiillillitelte! jtel'iliill!tel Ite iHt! «Ilter I ff te!îÜÎ|te tel -1
1 ffi:tel.Hi; (te0 :4; il iia 11!ijii ; i j ili : tei itenilm 1 tel rtete* teltelite üi
1jl{teteliteli{ftelteitel rffî,TIter 'tete'te!itetel ;4tîiiliUii itetelitetei tei m teill
OOg
Concentration,
time
base.
month
pressure at 
occlusion.
Pige 1A-b(iii). Tracing of mouth occlusion 
pressure during COp rebreatbing 
The zero pressure line is 
drawn^
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A two-way Douglas valve ( MORGAN ) was attached at 
the mouth open end of the circuit. The inspiratory 
disc of the Douglas valve has an opening pressure of 1 cm. 
HgO which produced a transient inspiratory occlusion.
A tube was attached to the outlet between the mouthpiece 
and the disc in the valve for recording mouth pressure 
changes. This tube was attached to a pressure trans­
ducer ( Hilger Micromanometer MDO 41a ), from which pressure 
change signals were fed into a fast responding two- '
channel pen recorder ( Gould Brush ). In one channel 
mouth pressure changes were recorded whilst in the other, 
an electronic circuit differentiated the pressure signals 
to produce spikes, the height of which gave the (dp/dt) 0^% 
measurement. Simultaneous recordings of ventilation 
and OOp concentration were recorded on a two-channel pen 
recorder.
Treatment of results.
As stated above the height of a spike is proport- 
ional to (dp/dt) * The whole test duration wasn i 8..X. tst  ^ j
divided into $0 second components and all the spikes were 3 
added for this $0 second period and then divided by the i
spike frequency to give the mean (dp/dt) for that
particular 30 second period.(#^6* 1A-b(ii) ).
Tidal volume measurements were added for each 30 
second period and then multiplied by two to give minute 
ventilation. The POOg for each 30 second period was 
taken at the last quarter of each period.( Pig. 1A-1a ) 
Added resistance breathing.
A rubber bung with a small opening which gave a flow
resistance of + 4.5 cm.HgO secl^lT^ was introduced 
between the mouth and the respiratory valve in the 
circuit.
Calibration of (dp/dt)  response
Between the valves and mouthpiece, an opening for 
an outlet tubing was placed, leading to a pressure 
manometer. The manometer was first calibrated to find 
the voltage given out when there is a maximum deflection. 
Using a pressure calibrator, it was found that, a 
deflection of 32 mm.HpO gives 1 volt output. Using 
a voltage calibrator, a volt per second was passed into 
the pressure tracing on a Gould Brush fast responding 
recorder. (see kig.1A-b(i) )» The signal is then 
differentiated to give spikes, height of which represents 
the voltage input per second. Hence when actual pressure 
changes were recorded, the resultant voltages were dif­
ferentiated. The apparatus was found to be very stable.
b) (^0,]) and ventilatory responses.
The rebreathing circuit used was similar to the one 
used for (dp/dt)^^^^ response to COg. A two-way tap
was inserted in the inspiratory line. The same equipment 
for analysing COp and ventilation was used.(Fig.lA-a(ii) ) 
During rebreathing, random total occlusion within 
each 30 second period was made during expiration, which
allowed the expired air to pass into the bag, but meant 
that tne subsequent inspiration would be made against an 
occluded airway. The occlusion lasted for the complete
inspliacion. The resulting mouth pressure generated
10
îagainst the occluded inspiratory airways was measured Îusing a pressure transducer (Hilger Micromanometer).
Recordings of ventilation (from individual tidal "^4
volume) and CO2 concentrations were made on a two-channel ^
recorder (Devices). The total occlusion mouth pressure %
recordings was made on a fast responding recorder.
The total occlusion pressure readings were made at 
100ms. from the start of inspiration (P_ n). As aU  * J- yÿ;
precaution against irregular breathing after each 3occlusion, all the subjects were told in advance to
continue to breathe normally after occlusion. ' f
Treatment of (P^ .) measurements.
A typical tracing of (P^ )^ measurement is shown in 
Pig. lA-b(iii). With inspiratory occlusion, mouth 
pressure drops and this is recorded on the fast responding 
pen-recorder which was kept running at a speed of 5 mm 
per second. The pressure at 0.1 second was taken as the 
(pQ ^), and the corresponding PGOg at this time was 
measured. The total duration of rebreathing was divided 
into 30 second periods and occlusion was done randomly 
within this 30 second period to nrevent anticipation by 
the subject.
Galibrauion of (P^ ^).
A sensitive pressure manometer (Hilger Micromanometer) 
was usod to record mouth occlusion pressure. A pressure 
calibrator (London Casella) was used to calibrate the 
micromanometer. A known pressure was introduced into the
11
micromanometer which in turn gave a deflection on the 
pen-recorder. Thus different heights on the recorder 
chart correspond to known pressure.
°) Rebreathing techniques (similar to Read's 1967)
The initial hag CO. concentration was 7# GOg in 0^ 
for normal subjects. In patients, different initial 
concentrations were put into the bag, depending on the 
patients resting PaCOg. Thus the normocapnie patients 
had an initial bag PGOg similar to that for normal 
subjects, whilst in the hypercapnie patients, the initial 
bag POOg was slightly higher. This ensured rapid 
equilibrium on rebreathing, between PGOg in bag, lungs 
and pulmonary capillary blood. ( Campbell and Howell 1962 ) 
All the subjects underwent the same rebreathing 
procedure. The subjects were seated comfortably and 
breathed room air for 1 minute to get used to the ex­
perimental equipment. Rebreathing lasted for 4 to 5 
minutes or loss if they could not carry on.
The GOg ventilatory response curve can be expressed
—1 .. ]in terms of its slope or "8" (litres min~ mm.Hg"") and 
the intercept of the x axis us B (in mm.Hg.) as shown by 
Lloyd et al., 1958.
The slopes in normal subjects were mainly obtained
for data between about 43 and 70 mm.Hg PGOg.
Blood gas determinations
The resting arterial hCOg in patients was determined 
by direct measurements from blood samples. PaCOg was also 
checked by using an Indirect method. The subjects re­
breathed from a small bag (2 litre) of 100^ oxygen for
12
1.5 mlns., rested for two minutes, then rebreathed 
again for 20 seconds. The concentration of GOp in 
the bag was determined by a COg analyser and after 
corrections made for arterial-venous difference, the 
PaCOg was determined. In all cases where these checks 
were carried out, there was no significant difference 
in the resting PaCOg measured by direct blood deter­
mination or by the indirect method.
Calibration of COg analyser.
For the normal subjects and normocapnie patients, 
the COg analyser was calibrated for 1# to 10# COg. For 
the hypercapnie patients the gain on the COg analyser 
was reduced so that a maximum reading of 12# COg can be 
obtained by extrapolation on the COg calibration curve.
Method used in Isocapnic Hynoxia Test, (progressive)
The method used in this experiment is similar to
the one used by Rebuck et al., 197$.
In this experiment a rebreathing circuit was used
(Fig. iA-a )A six-litre rebreathing bag in a sealed box (iii)was filled with 7# COg, 20 to 22# Og, and the rest 
nitrogen. End-tidal measurements of Og and COg were 
continuously made from samples taken near the mouth and 
after passing through the CO^ and Og meters were returned 
to the bag. The gas analysers used were an infra-red 
COp analyser accuraUe to - 0.1# over range 0 - 10#, and 
a paramagnetic Og analyser (Servomex} with a 90# response 
time of 0.15 sec, and - 0.1# accuracy.
Ventilation was measured using a pneumatograph 
attached to the outlet in the box and connected to a 
electro-spirometer. A two-way low-resistance Douglas
13
valve was attached to the niouth-piece (as used in the -j•1’'lGOg rebreathing experiment). The opening pressure of -d
the valve 5 at 1 cnuHgO, provided an imperceptible transient t 
occlusion of inspiration. An outlet from the mouth­
piece connected to the manometer measured the pressure i
between the mouth and the valve and this was recorded in 
a fast-responding 2-channel recorder. The pressure change : 
was recorded in one channel and in the other channel, the 1
pressure wave signal was electronically differentiated and 
recorded as spikes. /
The resistance of the circuit was 0.6 cm.HgO/litre 6
per sec.
Before starting the experiment, the subject was made 
to sit comfortably for 10 minutes after which he breathed v
room air through the mouth piece for a further 5 minutes. 
After this neriod, at the end of a normal expiration, . 
the tap was turned to connect the subject to the rebreath- 1
ing bag. The subject was asked to take 2 to 3 deep -
breaths to facilitate mixing between lung and bag. When ^
the end-tidal PGOg plateau is reached, usually between 15 
to 20 seconds a pump connecting the bag to a soda lime #
cannister by-pass was switched on. A variable flowmeter 
was used to control the flow through the COg scrubber so 1
that the end-tidal PCOp was kept constant to within 1
+ 1 mm.Hg. of the initial mixed-venous level throughout 
the experiment. The initial POg ranged from 140 to 160 
mm.Hg. and was allowed to decrease to a minimum of 50 to 
4-0 mm.Hg.
PCOp, ]^ 0g and ventilation were continuously recorded 
on a Devices four channel recorder. :■
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Repeat testing
Repeat tests were made for the both types of 
hypercapnie response tests (also with added resistance) 
and the hypoxic response test. To prevent bias in the
treatment of results, the results from the first test 
only were used for statistical analysis.
Treatment of data from hypoxia test. (Fig,1A~1b)
The ventilatory and (dp/dt) responses to hypoxia 
and the corresponding bag POg was calculated for every 
50 seconds throughout rebreathing, until the last 50 
seconds where it was calculated for 15 seconds. The mean, 
ventilation (from individual tidal volumes) and the mean 
(dp/dt)^_^ (from individual spikes) was calculated.liicl A. «
The resulting relationship obtained, when ventilation 
was plotted against hyperbolic. This hyperbolic
relationship was converted to a linear function as 
suggested by Weil et al., 1970,by an equation similar to 
one originally suggested by Lloyd et al., 1958. This 
equation relates ventilation and alveolar POp as follows, 
Vp = V^0+A/(PA0g-52), where is minute ventilation in-1—i C,^ I..J
litres per minute; PAOp is the alveolar Og tension in 
mm.Hg and V^O (or VO) is the asymptote for ventilation 
obtained by extrapolation. Parameter A describes the 
shape of the curve in that the bigger the value of A, the 
greater is the hypoxic ventilatory drive. The constant 
52 represents the PAOg at which the ventilation - PAOg 
curve approaches infinity. Byrne-Quinn et al., 1971,
Weil et al., 1972, Rebuck et al., 197$ &ud Kelsen et al.,
15
1976 amongst others found that a simple linear function 
was obtained by plotting against 1/ (PAOg - 52).
The slope of the response line calculated using the 
least-squares regression method is A and its y intercept 
is VpO (Weil et al., 1972) œr M3.
Similar slopes were constructed for (dp/dt)liiciA A
response hypoxia by plotting the respective (dp/dt) 
values against lAOu and against l^^AOg- 52), The slope
obtained for this in the present study is called "A
16
RESULTS
Normal subjects
Ventilatory response to COg (Table lA-1).
In'the 25 normals studied, the ventilatory 
response to COg ranges from 1,14 to 4.04 L min'“'^ 
rnmlig' . (mean 2.55)
The B intercept on the x axis of the ventilatory 
response to COg slope ranges from 55.5 bo 46.5 mmUg. 
(mean 59.5)
(dp/dt) response to COg. (Table lA-1).H1ÔI A. A fL
When the COg response is measured in terms of 
:t) , it ranges from 1,02 to 5.50 cm.HgO sec
m m l - I g (mean 2.58)
The B intercept on the x axis oP (dp/dt) ^ /max.
response to COg slope ranges from 51.9 to 46.6 mmlig 
(mean 59.9)
Correlation between ventilatory and (dp/dt)^^ response 
to COg.
There was a significant correlation between 
ventilatory and (dp/dt) response to COg in theillClf -A- 4R
group of 25 normal subjects tested.
(r = 0.814 p =<0.001) 08e Fig. lA-5.
Subjects. PCQ2 ^  (d p /d t)  
A  PCO^
max, a.
I-I 2 ..59 43.7 3»50 46 .61-2 I»50 37 »8 1.50 38.71-3 2.87 43.7 3.32 46.01-4 41.5 3.24 42.91-5 1.29 42.7 1.20 39.81-6 3.76 46.3 3.02 45*61-7 2*56 41*5 1.84 41.61-8 1.73 34.9 1.45 31.91-9 1:43 37.5 1.63 38.1I-IO I.7I 1.43 39^ 0I-II 1.80 36.8 1.66 36*9I-I2 1.14 33.5 1.34 36.9I-I3 2.61 38.2 2.17 38.9I-I4 3.67 34.6 3.73 32.1I-I5 2*12 41.9 1.45 38.1I-I6 3.01 44 » I 3.05 44.3I-I7 3*84 38.4 2.43 38.7I-I8 4.04" 36.4 3.05 41.2I-I9 2.35 36.5 1.55 39*71^ 20 3.^ 50 3.12 38.5
40.31-21 2*66 40.1 3.401-22 3.80 37 ..3 2.85 40.21-23 3»70 43.2 3.63 41*11-24 2.15 37.4 2.85 39.71-25 X 1Ï..40 38 lo 1.02 42.8
Mean 2»53 39»5 2.38 39»98D. 0.94 3.4 0.90 3.68E. 0.20 0.7 0.18 0.7
Table lA - I  Results of COg re b re a th in g  te s t ,  
showing v e n t i la to r y  and (dp/dt) responses.iH^UA *
Table lA-I. Units used»
PCOg ™ v e n t i la to r y  response to COg 
litres m l n mm.Hg
c.I
B = % axis intercept on the COg v e n t i la to r y
response s lo p e . 
mm.Hg.
(dp/dt)^^^
    :::'®8pon8e to  COg
 ^ PGOg cm.HgO sec”^
B"I = X axis in te rc e p t  on jfhe (dp/dt) max,
response to COg s lope, 
mm.Hg.
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COg rebreathing in normal subjects.
In this study (Section lA) the range of COg 
ventilatory response lies within the reported range 
for normal subjects. The mean value for the group too 
are comparable with previously reported studies.
In V e s t i g a t i 0 h Samplesize Mean SCOg
' gg- --
Read (1967) 21 2.65 1 1.21
Clark (1968) 19 5.29 ± 1.42
Godfrey et al (1971) 7 2.05 ± 0.97
Saunders et al (1972) 50 2.17 ± 0.79
Rebuck et al (1972) 11 1.87 1 0.62
Jeunett and Short (1975) 66 2.55 - 1.10
Zackon et al (1976) 10 5.20 Ï 0.50
Present study 26
_____ ... .... . ....
2.55 - 0.94 ,
Results obtained for ventilatory response to COg in
normal subjects using Read's rebreathing method.
Subject 1-1
No Resistance 
PCOg 
( mnuHgo )
48.151.555.555.557.759.961.765.165.767.0 68.4
A:
1( L.min* )
18.2020.4524.5827.09 52,7558.55 45.22 49.4452.1965.58 70.87
max,
( cm.HgO sec™ )
14.6717.0225.2027.5555.5558.55 49.9456.00 64.74 - 76.66 81.92
Added Resistance»
44.951.554.558.5 60.062*466.769.171.0
10.8515.2720.8624.5650.68 52.0557.69 41.6547.56
11.5016.7226.72 55.20
45 © 4451.1269.8985.6594*69
Tableo 1A—2 Experimental data during COp rebreathing in one subject.
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Effect of an external flow resistance on the (^^/dt) 
response to carbon dioxide in a normal subject. 
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Table IA-3b. Repeats of ventilatory and
responses to COp
(dp/dt) max-
No resistance Added resistance
Subjects. A  PCOp A^E/APcOg
A  PCOp A  PCOp
I-I 2.59 3^30 2.79 2.85 I.Jl-O1.54 3.303*00
1-2 1.30 1.50 1.73 2.001.90 1.90
0.680.75 1*201.50
1-3 2.&7 3*32 3*30 3.10 1.601.85 3*273.25
1-4
I-II
3*13 3*24 2._65 3.60
1.80 1*66 1*65 1*^ 30
I-I4 3*67 3*73 3*10 3.20
I-I5 2.12 1.43 1.93 I»90
1-25 1*40 1.02 1*30 1*30
Units used in Tables IA-3a and IA-3b.
ventilatory response to COp litres min-T ™Tmm»Hg
B intercept on x axis of ven slope. ( mm.Eg ) bilatory COp response
A
(dp/dt) response to CO*. cm.E.OliiciJi A C» cL sec
Bi intercept on x axis of (dp/dt)max.COp slope. ( mauHg. )
response to
18
Normal subjects
Effects of resistance on ventilatory and (dp/dt)max.
responses to COg. (Table lA-3a)
15 subjects undergo both COp response test first
without resistance, then with added resistance of
-I+ 4.5 era HgO s ,L„Results obtained are summarised below
p =(0.001
'Ventilation response 
( Litres/min/rnmHg 00^)
Withoutresistance With resistance # Change
Mean 2.23 1.19 -47
8D 0.85 0.43
BE 0.22 0.12
Range 1.14 to 3.76 0.4 to 1.6 -70 to -29
Significant difference
(dp/dt)^2x,response
(cm HpO/sec/mrnHg COp)
Without resistance With resistance % Change
Mean 2.16 2.19 +1
8D 0.91 0.80
SE 0.24 0.21
Range 1.20 to 3.73 1.19 to 3.61 -19 to +35
No significant difference.
B (X-axis intercept in mm.Hg.)
Venti1a t o ry slope
19
WithoutResistance
WithResistance # Change
Mean 38.0 31.9 —16
8D 7.3 7.9
8E 1.9 2.0
Range 33.3 to 43.7 9.3 to 39.8 -72 to + 4
p = C 0.001 Significant difference
slope
WithoutResistance WithResistance # Change
Mean 39.6 39.8 / +0 e 1
8D 4.4 4.1
8E 1.4 1.0
Range 31.9 to 46.6 32.2 to 46.7 -3 to +16
No significant difference
Repeats (Table lA-3b)
Ventilatory and (dp/dt) responses to OOg.IU0 .-K. I» C„
a) No resistance added: ? subjects repeated the test
once, and 1 subject twice. It was found that the co­
efficient of variation was small for ventilatory (mean 
9.0#) and (dp/dt)^^^^ (mean 11.0#) response to OOg.
b) Added Resistance: 3 subjects repeated the test once.
The mean coefficient of variation was 8.0# for ventilation
and 8.0# for (dp/dt) response.xiici^v o
Z48*1 8*85 1*4
53.3 12.50 4*3
56.2 18*90 6*1
57*3 26*29 9*1
60*9 29*23 9*9
63*4 36.20 11.1
64*6 44*89 13*8
67*4 60 *14 15 *0
69*1 68*30 16*1
Subject 1-39
Table lA-4* Experimental data during GO 
rebreathing in one subject»2
iubjects. Ventilatoryresponse. B pO.I response »
y
intercepi
1-25 1.15 40.9 0.21 - 9 *991-27 3.10 38.8 0.83 -33.77I-3I 1.37 39.8 0.16 - 9.051-40 3.34 44.3 0.87 -36.771-37 1.13 33.3 0.32 -10*501-4 2.93 43.6 0*61 —29•401-36 2*70 38.9 1.10 -38*731-34 1.43 39.4 0.32 -10*501-29 2*46 43.7 0.65 -30*311-30 2*73 44.8 0*56 -28*75I-I4 3*61 43.7 1,02 -39Jf31-8 1*44 38,3 0*54 -25*71I-2I 2*40 39.4 0*84 -36*71I-I9 1.68 43.4 0*56 -27.411-28 2*83 40 «,'4' 0.85 -37.701-26 2.73 41 .7 0 .91 -39.881-3 2.93 38.3 0.73 -34*331-39 2.83 48.1 0.72 -33*381-40 2*33 39.1 0.74 -37.631—11 2.10 40.1 0.31 -12*33
Mean 2.39 41 .3 0 .64 -27*308D 0.76 3.2 0.27 11*348E 0.17 0 .7 0.06 2 .60
ventilatory response to CO.
litres min."mm.Hg* ^
B intercept on x axis of COp ventilatoryresponse slope* (mm.Hg)
 ^ °-^/APC02 ^O.I response to GO^ .
cm.HgO mm.Hg"^
y in te rc e p t  on y a x is  o f y response toin te r c e p t , COg *
cm. HpO
Table IA-5a. Results of COg re breathing’ t e s t ,  showing 
ventilatory and j responses.
I• s
Subjects Zi VE/A POOp A  Pg
Table 1A~5b*
Repeats on Pq  ^ and ventilatory responses to COg* +
3
1-25 1.15 0.21 I
1.55 0.25 1
1-4 2.95 0.61
3.40 0.70
1-11 2.10 0.31
1.85 0.28
2.30 0.35 ifl
i
20
Absolute mouth, occlusion pressure change at 0,1 second 
(Pq response to COg. (Table lA-$a)
20 subjects underwent COp response test using both 
( P q  £) and ventilation simultaneously as measured response: 
to COp, The range of ventilatory response to COp was 
from 1.1$ to 5.51 L rnin™'^  (mean 2,$9)
B ranged from $$.$ to 48.1 mm.Hg. (mean 41.$)
When COp response is measured in terms of (P^ , the
range was from 0.21 to 1.10 cm.HpO mm.Hg."" . (mean 0.64) 
The y axis intercept on the (P^ )^ response slope 
ranges from -9.0$ to -$9.88 cm.HpO (mean -2?.$0)
Repeats. (Table lA-$b)
2 subjects repeated the test once and 1 subject 
twice. The mean coefficient of variation for ventilatory 
response was 10.0# and for (P^ )^ response was 10.0#.
(P^ )^ and ventilatory response to COp correlation
There was a highly significant correlation between 
(Pg ]) and ventilatory response to COp in all the 20 
subjects tested.
(r = O.8O7 P = '(.0.001) See Fig, lA- 7 »
Subject 1-4
PAOg
PAO2-32 (L.rain"’^ ) .1( cm.HpO sec " )
114.1
101.2
92.7
82.7
74.1
64.1
57.0
49.9
42.8
39.2
0.012
0.014
0.016
0.020
0.024
0.0$1
0.040
0,056
0.093
0.158
10.20
10.64
11.32
12.52
12.00
13.50
15.50 
20.20 
27.10 
45.20
12.48
12.71
13.10
13.35
14.25
15.10 
18.77
21.72 
50.20
45.60
Table. 1A-6. Experimental data during isocapnic hypoxia test in one subject.
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A  VE/A PCO. ventilatory response to CO 
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2
Zk (S/pAOg-jZ
(dp/dt)max
VO
intercept.
Parameter A, measurement of ventilatory response to hypoxia.
litres mm.Hg.min"^
Parameter A (dp/dt)  ^measurement
of (dp/dt) response to hypoxia.
„,jcm.HgO mmoHg*. sec
y intercept of parameter A slope, 
litres. ffiin"*^
K *y intercept of parameter A (dp/dt) 
slope.
cm.HpO, sec
maxo.
Table
Repeats of hypoxic response tests
«k> «•AmwnwtPwinaimnMnr»
Subjects à  (dp/àt)
A  (i/PA02~52)
236.7
275.0
191.0
170.5
98.6
85.1
I
Response to hypoxia. (Table lA-?a)
20 subjects who underwent the GOg response tests 
also underwent the isocapnic hypoxia test. Hypoxic 
drive was measured both in terras of ventilatory and 
(dp/dt)^a^^ changes.
The ventilatory response to COg in the 20 subjects 
studied ranged from 1.11 to $-70 L rain" mm.Hg.
(mean 2.2'?).
When ventilatory response to hypoxia was measured
and given as parameter A, ^  Vp , the range was
A  (l/PAOg-32)
from 8A.1 to 250-$ (mean 151.4).
Vq for ventilatory resnonse to hypoxia ranged from
6.6 to 12.5 h rain"^  (mean 9.$).
When hypoxic response was measured as (dp/dt) ^ 'max.
change, expressed as parameter 'A (dp/dt) ' ,
A  (dp/dt)n-----------  ^ the range was from 77*$ to 25$.0 (mean 16$*$)A  (^yPA02-$2)
y intercept for (dp/dt)^^^ hypoxic response ranged
from 5.2 to 21.5 L min"'^ . (mean 1$.'?)*
Correlation between (dp/dt)^^^ response and ventilatory 
response to hypoxia
There is a significant correlation between (dp/dt)nisx Ç
response and ventilatory response to hypoxia in all the
subjects studied.
(r = 0.905 p =(0.001) (PiR. 1A-X2, 2-14 Table lA-7).
a
22
Correlation between hypoxic and hypercapnie responses 
Ventilatory response to hypercapnia correlate 
significantly with (dp/dt)^__ response to hypoxiani3..?c *
(r = 0.775 P = <0.001) and with ventilatory response 
to hypoxia (r = 0.881 p =< 0.001) Table lA-7^
Pig. lA-1^).
Repeats (Table lA-7b).
5 subjects repeated the test once. The mean 
coefficient of variation for parameter 'A' was 9.0# 
and for parameter 'A ' was 9.5#.
(DiAWoA E3
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^ ( L.min mm « Hg
Fig; 1A“5 Correlation between ventilatory and ( ^/dt) max, 
responses to COp in 25 subjects (normals),Each point represent 
one subject 
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Relationship between (dp/dt) 
888 to hypoxia in 20 subjects
r= 0.903 p= ^ 0.001
and ventilatory responmax
20CV)
r4
250160
max(L mia<,Hg«min~ ) (cm.HpO 8~ mniHg.rain
i''.tg,1A-- Relationship between ventilatory response to CŒ
and (dp/dt) and ventilatory response to isocapnic hypoxia
iwffia ventilatory response to hypoxia r=0*881 p=< 0,001 
— A  (dp/dt) response to hypoxia r=0.7/5 p= < 0.001
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Representative individuals^ results. Normals• 
Ventilatory and (dp/dt) responses to GOg.
Subject 1-1 Data table lA-2 .
Fig. lA-2 shows the close relationship between 
ventilation and (dp/dt) changes with rising PCOg.m 9. -/v- *
This relationship was demonstrated in all the normals 
tested. Individual regression coefficient for each 
curve was greater than 0.90 for all the normals tested.
The Figs. lA-3 and lA-4 showed that whilst 
(dp/dt) response did not show any significant • 
change with airways restriction, there was' significant 
reduction in ventilatory response slopes with restriction.
Ventilatory and (P^ response to COp»
ab]_ e 1 A—4-Subject 1-39 Data 
Fig. lA-6
The figure showed the linear relationship between 
(Pg^l) with increasing PCOp. Similar relationship 
was shown between ventilation and increasing PGOp.
In all the subjects tested, each individual slope
(both (pQ and ventilation) showed a regression 
coefficient of over 0.90.
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( d p / d t and ventilatory responses to hypoxia nio-!x. #
Subjects 1-4 Data Table lA-6
Pigs. lA-8, 9, 10, 11.
The figures above showed the hyperbolic relationship 
exhibited when (dp/dt) and ventilation were plottedIIIca^  (i>
against decreasing POp. When (dp/dt) andillC»i.Wk #
ventilation were plotted against the reciprocal of POg,
straight line relationships were obtained, slopes of
which gave the parameter "A" and parameter "A (dp/dt). \ i / . y rnax,
These slopes gave an indication of hypoxic drive, where 
the bigger the A value, the greater the hypoxic drive.
IT
23DISCUSSION
Norma1 sub j ec t s
Ventilatory and ( d p / d t response to COg.ÏTÎ9.JC #
There was a significant correlation between 
ventilatory and (dp/dt) y. response to COg in the 
normal subjects tested. Repeats show small and 
similar variations for both the responses measured.
This suggests that (dp/dt) is as reliable an indexIR9.]X. 4P
as ventilation of respiratory centre output during 
hypercapnia in unobstructed breathing.
There was a significant reduction (mean 47/0 in 
ventilatory response to COg in normal subjects in the 
presence of added airways resistance when compared 
with unobstructed COg breathing. This is in accord­
ance with the general findings of reduction in COp 
ventilatory response with added airways obstruction 
(Cherniak and Snidal 1956, Pldridge and Davis 1959 and 
Matthews and Howell 1975); supporting the suggestion 
that airways obstruction may cause this reduction.
However, when COp response was measured, in terms 
of (dp/dt) response, there was no significant 
reduction in the response with added airways obstruction 
when compared with free COp breathing, which agrees with 
the findings of Matthews and îlowell 1975. This suggests 
that whilst ventilabory response to COp may be affected 
by airways resistance, (dp/dt) response is independent
of resistance.
::n
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(Pq response
The study of (Pq -j ) was done to assess whether 
it was a reliable measurement of COp responsiveness.
It was found that (Pq increases with increase in 
PCOp. These findings were in general agreement with 
Whitlaw et al., 1975 who found a curvilinear relation­
ship between (Pq and the level of PCOp. The find­
ings here showed a linear relationship between ( P q  
and PCOp which was similar to the findings of Altose 
et al., 1976. The significant correlation between the 
total mouth occlusion pressure and the ventilatory 
responses to COp (Pig. lA-7), showed that it is a reliable 
method for assessing the respiratory chemosensitivity. 
Results obtained by other workers using similar tests 
are as follows : -
Workers Response Subjects Pq  ^response p 
(cm.HpO mm.Hg.""^)
Kryger et al 1975 ^0.1 9 Range 0.18 to 0.82
Lopata et al 1977 7 Range 0.31 to 1.2^
Derenne et al 1976 6 Range 0.17 to 0.62
Maranetra and Pain 1974 P .  3 12 Mean 0.95 8D 0.5 '
Altose et al 1976a ^0.1 16 Mean 0.88 8E 0.14Present study Pq .i 20 Mean 0.64 8E 0.06
The intercept on "y" axis on response slope
ranges from -9.05 to -39.88 cm.IIpO (mean -27.30 8D 2.60)
was comparable to that found by Altose et al 1976 
(mean -33.41 8E 6.20).
a
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Comparison between ( d p / d t a n d  . responses to COg. '
Both the responses measured gave similar results. 
However, it seems from the experiments carried out, that 
(dp/dt has a practical advantage over P.. . • ThisnicAix. • u * j.
is due to the fact that during manual airways occlusion 
Pq 2 measurement, despite all precautions taken, conscious ./ 
anticipation by the subjects tends to have some bearing 
on the results. However, this does not reflect the un­
reliability of the method. Further modification, such 
as electrical random occlusion of the airways, would 
overcome this disadvantage.
On the other hand, (dp/dt) measurement seems toill ci A- Q
be more practical and simpler to use as the transient 
occlusion provided by the valves in the mouthpiece, 
required no manual handling.
Because the subjects v;ere not aware of the .transient 
occlusion and so did not voluntarily change their res­
piration during the rebreathing period. In all the 
subjects studied during the (dp/dt) studies, none felt
any increased resistance to inspiration. Whereas during 
the total occlusion pressure tests, subjects did notice 
the inspiratory occlusion. Thus the practical advantage 
of (dp/dt) response test over the total occlusionI11ca.X. C»
pressure measurement, made the favourable
choice for further tesbing.
(dp/dt) „ as a hypoxic drive index.Il Ç.A /V »
In this study, during isocapnic hypoxia, (dp/dt)__.ÎI13.JÎ ^
increased with decreasing Og, the relationship being 
hyperbolic. When (dp/dt) was related to the recipro-
oal of fOg, a straight line relationship was obtained.
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A similar hyperbolic relationship was demonstrated
between ventilation and decreasing POp $ and a straight
line relationship was obtained when ventilation was
plotted against the reciprocal of POp (parameter A
of Weil et al. 1970).
When the slopes of parameter A,AVE//L( 1/PAOp 32)
and parameter "A ((^P/d-t)^^^y,Adp/dt^g^^ /A(l/PAOp - 32)
were compared, the significant correlation between the
two showed that (dp/dt) changes paralleled changes
in ventilation during isocapnic hypoxia. Thus (dp/dt)^
may be a reliable index of respiratory motor output.
G?o test whether the (dp/dt) response was re-rïî0.]x. 0
peatable, 3 subjects repeated the test once. The mean /
coefficient of variation for (dp/dt) . response tomax o
hypoxia was 9.3^ and for ventilatory response was 9^.
This shows that the repeatability for both responses was \
similar and since variation was small, (dp/dt) is ^  ^  ^max.
a reliable response to hypoxia index.
There was a significant correlation between *
ventilatory response to COg and both (dp/dt) anddl Ulci-X! #
ventilatory response to hypoxia, agreeing with findings
by Rebuck et al 1973 and Byrne-Quinn et al 1971 (see 
Section 2). This again suggests the reliability of 
(dp/dt)^^^ as a measure of response to hypoxia.
Steady-state and progressive hypoxia
Essentially there are two main methods used in 
assessing hypoxic drive in man. These are the steady-state < 
and. the changing state methods and their variations. In 
the steady-state, as employed by Dripps and Comroe 1974 
and Jennett 1969a,b, involved breathing from bags containing ( 
initially low concentration of oxygen in nitrogen.
Variations of the methods used involved using 
different concentrations of COg.c.
In the changing-state methods, variations include 
rebreathing from a bag (Godfrey et al 1971, Rebuck et 
al 1973) and controlled reduction of inspired oxygen 
(Weil et al 1970). In this study, the rebreathing 
method of Rebuck et al 1973 was used. The isocapnic 
hypoxia test would ensure that the resulting response 
measured was solely due to oxygen lack. The initial 
PCOg in the rebreathing bag approximates the resting 
PaCOp.
30
RESULTS
(Patients) /èThe patients underwent the same COp ventilatory 6;
and (dp/dt) response tests as the normal subjects.i 1, Ca .A # , 3.-ÂThe COg response slopes for the normocapnie patients 
were mainly obtained for data between 4-3 and 70 mm.Hg, j
and for the hypercapnie patients ranging from 55 to 65 
up to a maximum of around 85 mm.Hg ..PCOp*
The overall results are given in Tables lA-8a and 
lA—8b «
a) Normocapnie patients
The 37 normocapnie patients tested have a resting 
PaC02 '^"8 mm.Hg. and less (mean 40). Their PEV^^ 
ranged from 33 to 82$i6 with a mean value of 51^*
The mean ventilatory response to COg was 0.61
_i _i ' . -SL min "mm.Hg (range 0.06 to 1.35), with the mean B
at 12 mm.Hg.
When the response to COg was measured in terms of 
(dp/dt) the mean value was 1.75 cm.HgO sec~' mm.Hg."" 
(range 0.36 to 3*66), and the corresponding x axis intercept 
at a mean value of 27 mm.Hg.
The resting (dp/dt) ranged from 8.0 to 40.66 
cm.HgO sec ' (mean 24.7)*
b) Hypercapnie patients
The 12 hypercapnie patients tested have a resting 
PaCOg of 50 mm.Hg. and above (range 50 to 60, mean 
56 mm.Hg.). The mean EEV.^ was 48.
The mean ventilatory response to COg was 0.27
—.1 —IL min 'mm.Hg. ', (range 0.07 to 0.50), with the mean
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Tables lA-8a and lA-8b* explanations on some unitsused.
u intercept on x-axls of (dp/dt) response toX Eiax.COg slope.
PCOp approximate bag PCO? where resting (dp/dt)
measurement is taken,
b
(dp/dt) 'resting* (dp/dt) value.
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B at -15.8 mm.Hg.
The mean (dp/dt)__^ response to COg was 0.28IllciiX 9 c.
cm.HgO sec™"mm«Hg*~' (range 0.08 to 0.47), and the 
corresponding x axis intercept at a mean value of -15.8 
mm.Hg.
—1The mean resting(dp/dt)was 25 cm.HgO sec" (rangemax.11.2 to 41.9).
Age-
The age of all the chronic bronchitic patients 
ranged from 52 to 74 years (mean 65.7). The mean age 
of the normocapnie bronchitics was 64 and for the 
hypercapnie bronchitics, 61.5 years old.
There was no significant difference between the 
mean age of the two groups.
One hypercapnie patient, aged 28 years, was not 
included in the age analysis as he did not have chronic 
obstructive airways disease.
Resting (dp/dt)^^^ levels.
There v/as no significant difference between the 
resting (dp/dt) levels between the normocapnie and
i i i C L v V  4&L
hype rcapni c group s.
52
Individual Cases
R0pI'esentativo Normocapnie Patierit
Patient A.Bt. Fig. lA-14 Table lA-9-
This patient had a severe airways obstruction with 
an FEV^/FVC of only 580. His ventilatory response 
to COp was slightly low at 0.42 L min"‘mm.Hg
However, his (dp/dt) response of 1.05 cm.HgO sec"^ITlcüX. $ ^
mra.Hg"^ was within range of those found in the study 
of normals. With his resting PaCOp also being normal, 
it can be suggested that his respiratory drive to COp 
as measured by his ventilatory response was not truly -
shown as it was limited by the obstruction. However, 
his COp drive can be assessed quite accurately by his 
(dp/dt)^2x, response.
Representative Hypercapnie Patients
Patient Al.Mit. Fig. lA-15 Table 1A~10
This patient has an FEV./FVC of 570 which was not
too severe. However, his ventilatory response to COp
“"1(0.07 I' min "inra.Hg ) was the lowest found in the hyper­
capnie group. His (dp/dt)^^ response too was one of
—1 ~”1the lowest in the group (0.11 cmHpO sec" rnm.Hg ‘ ) » This 
would suggest that he had a reduced COp respiratory drive, 
probably due to his COp retention.
Patient C.Why. Fig.lA-16 Table lA-10.
This patient had a high resting PaCOp (at 61 rnm.Hg.)
but a normal PE'/^/FVC of 860. This may be due to pulmonary
shunting,leading to COp retention. Both his ventilatory 
response (0.09 L min'^mm.Hg.^l) and ( d p / d t ) r e s p o n s elU CA /v «
Subject A.Bt.
( rnm.Hg. ) ( L.min"^ ) ( cm.HpO sec“”' )
46.7 12.04 17.60
49.2 16.43 23.34
52.4 16.07 24.60
54.5 17.46 29.48
57.7 19.89 31.20
60.6 20.15 53.60
62.0 21.96 55.88
64.1 22.11 35.40
68.4 20.92 42.60
Table, 1A-9. Experimental data during COg rebr@'athing in one normocapnie pàtient.
Ve
(rnm.Hg..) (L (cm. H^O soc*”^')
Subject. C ..Why.
62.5 12.80 17.00
69.6 13.86 16.70
73.2 13.00 17.10
76.0 14.12 17.80
78.2 14.36 18.02
82.4 14.83 19.51
Subject. Al.Mit,
60.2 7.82 11.20
65.2 7.93 11.30
70.9 8.24 12.10
78.0 9.10 13.20
82.7 9.20 13.30
Table lA-lO. Experimental data during COp rebrea- 
thing in 2 hypercapnie patients.
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(0.12 cm.HgO sec"'mm.Hg." ) was very low. In his 
case, since airways obstruction was almost non- 
existant this reduced COp drive may be due to loss 
of COp sensitivity due to COp retention.
Correlation between airways obstruction and COn 
response slopes.
Fig. lA-19 shows the relationship between FEV.#
and (dp/dt) response to COp in all the 4-9 patients -
studied. No significant relationship was found
between FEV.# and (dp/dt) _ response (r = 0.266 • /'..L fildvV « '
p =<0.09). Similarly no significant correlation was
found between FEV. and (dp/dt) response (r = 0.265-L rndjc #
p =<o.05).
Fig. lA-20 shows the relationship between FEV.# 
and ventilatory response to COp in all the 4-9 patients . /
studied. A significant correlation was found between 
FEVj# and ventilatory response (r = 0.575 P = <0.001). ,
A similar correlation was found between FEV. and 
ventilatory response (r = 0.572 p =<0.001).
Degree of airways obstruction present.
In this study FEV.# was taken as the index of 
airways obstruction. All the patients studied were 
chronic bronchitic patients, at different stages of 
severity and were undergoing treatment at time of study.
Thus a whole range of FEV./FVC was found ranging from 
30# to 86#. The mean FEV^/FVC for hypercapnies was 4-8# 
which was slightly lower than the mean of the normocapnies 
with 51# but the difference was not statistically significant
34
Correlation between resting PaCOp and COp responses.
Fig. lA-22 shows the significant negative relation­
ship between (dp/dt)^^^ response and resting PaCOp 
levels (r -0.719 P = <0.001).
Fig 1A--21 shows that there is slightly less 
correlation between ventilatory response and resting 
PaCO^ (when compared with that between (dp/dt) 
response and resting PaCOp) r = -0.584 p = <0.001. 
However, the relationship was still significant.
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DISCUSSION
Patients, /
Ventilatory response to COp
The mean ventilatory response to COp in the 
normocapnie patients was significantly lower than that 
of the normal subjects. (p =<0.001). The hypercapnie 
patients showed an even more significantly lower mean 
ventilatory response compared to that of the normal 
subjects (p = <0.001).
Thus out of the 37 normocapnie patients studied, all 
except two were below the range of the normal subjects' 
ventilatory response. In the hypercapnie patients, all 
the twelve studied had a ventilatory response below the 
range found in the normal subjects. 12 of the normo­
capnie pabierits had a ventilatory response within the 
hypercapnie patients' range. Refer to Fig. lA-17 and 
Table lA-11.
From Fig. lA-21, it can be seen that when compared' 
to the (dp/dt) ^ response, the ventilatory response 
correlated less wibh resting arterial COg tension.
There was a significant correlation between FEV^# and
ventilatory response (Fig. lA-20) showing that ventilatory 
response was affected by the degree of airways obstruction 
present (thus the 2 normocapnie patients whose ventilatory t 
response was within range of the normal subjects', also 
have FEV,# which was similar to that found in the normal 
subjects)*
When these 2 factors (i.e. FEV^# and resting PaCOp) 
are considered, it can be seen that ventilatory response
to COg cannot accurately measure an obstructive airways
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patient’s respiratory hypercapnie drive.
(dp/dt)^^x^ response to COg
The normocapnie patients showed a lower mean 
(dp/dt)^^^ response than the normal subjects. However, 
only 5 out of the 37 normocapnie patients studied were 
below the range found in the normal subjects.
The (dp/dt)^^^ response in the hypercapnie patients 
was significantly lower than that found both for normal 
subjects (p =(0.001) and normocapnie patients (p =( 0.001). 
Only 2 out of the 37 normocapnie patients had (dp/dt)^^^ 
response on the hypercapnie range. (Refer to Fig.lA-18 
and Table lA-11).
Out of the 5 normocapnie patients whose (dp/dt)^^^ 
response were below the range found in the normal subjects,
3 had slightly raised resting PaCOp. Similarly the 2
normocapnie patients v/ho had (dp/dt) response in thelTld!X! «I
hypercapnie range also had slightly raised resting PaCOp. 
Since the grouping of the patients into hypercapnie and 
normocapnie was arbitary, this may explain why their 
response was out with, the group. Indeed the fact that 
these subjects with slightly raised resting PaCOp showed 
lower (dp/dt) response, reflects on the reliability 
of this measurement. They also showed a very low 
ventilatory response, probably reflecting a reduced COp 
respiratory drive, although their FEV,/FVC# was low.
Matthews and Howell 1975 had a larger spread of normal
subjects aged 20 to 56 years and their (dp/dt)^^^ response 
to COp ranged from 0.6 to 4.6 cm.HpO sec"^mm.Hg.COp"^,
(mean 1.67 SE 0.09). Thus all the 57 normocapnie subjects
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studied here were within the normal range of (d#/dt)^^^ 
in their study.
Prom Pig. lA-22, it can be seen that there is a 
significant negative correlation between (dp/dt)^^^ 
and resting arterial GOg tension. Pig. lA-19 shows that 
there is no correlation between airways obstruction and 
(dp/dt)^^^ response. Prom these observations, and a 
comparison with data from normal subjects, it can be 
seen that (dp/dt) represents a reliable measurement
of respiratory drive to COg which is independent of 
airways obstruction. Thus it is possible to monitor 
COp responsiveness in patients along with development 
of airways obstruction over a long period, and to see how 
COp retention develops.
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OVERALL DISCUSSION
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COp rebreathing |
Read 1967 developed a quick and simple method 
whereby ventilatory response to COp can be measured. He JÎshowed t h a t  rebreathing from a small bag , containing .
a mixture of COp (close to r e s t in g  mixed venous PCOp) 
in Op, resulted in  a progressive increase in PCOp, while 
at th e  same time measurements of ventilation were made.
This follows from observations made by Powle and Campbell 1
I1964 who found that under these conditions there is a |
PCOp equilibrium, after 15 seconds of rebreathing, |
4between COg in the mixed venous blood, arterial blood |
and the rebreathing bag. After the initial 15 seconds, #
there is a progressive increase of about 6 mm.Hg per min 
for the 4 minutes rebreathing. Throughout this 4 minutes, 
the COp storage in the bag and the lungs is negligible.
Read and Leigh 196? have also shown that this rebreathing 
test is valid for medullary chemosensitivity assessment, 
thus measuring the end-tidal PCOp provides a reasonable 
index of intra-cranial COg stimulus.d.
Use of COg rebreathing in patients
The COp r e b r e a th in g  has been used extensively in 
t e s t in g  COp responsiveness. Jennett 1968 has shown that 
COp r e b r e a th in g  is  a p p l ic a b le  for assessment of drug  
effects but showed c o n s id e ra b le  variation. Jennett and 
Short 19'73 a f t e r  m o d ify in g  their method studied the norm al 
range and r e p e a t a b i l i t y  of response in o rd e r  to compare 
the response o f b r a in  damaged p a t ie n t s .  They a ls o  
studied th e  identification of reduced  p e r ip h e r a l  chemo- 
reflex activity by com parison o f  resp onses to r e b r e a th in g
^9
COp in high and low Op. They found that the response 
to COp was greater in low Op tests than in high Op tests, 
and suggested that there might be peripheral chemo- 
reflex abnormality if in repeated tests, S for low Op 
did not exceed S for high Op. The effect of anaesthesia 
on COp responsiveness using Read’s method was studied 
by Derenne et al 1976 (as measured by both total mouth 
occlusion pressure and ventilation), to throw light on the 
effects of anaesthetics on the respiratory control system.
Read's method has been widely used in the study of 
COp responsiveness in chronic bronchitics (Clark and Read 
1966, Clark 1968 and Matthews and Howell 1976) to assess 
the overall chemosensitivity in these patients.
Comparison between Steady-State and Rebreathing methods.
The use of both steady state and rebreathing methods 
have been widely used for measuring ventilatory response 
to COp. Avery et al 196$ and Tenney et al 196$ in a 
22-litres rebreathing circuit (in one subject), have shown 
that both methods gave similar results. Read 1967 
confirmed that in normals, the values of S obtained by 
both methods are comparable. Also Clark 1968 showed that 
in $ patients, with chronic airways obstruction and lov;
Cop ventilatory drive, both methods give similar results.
Read and Leigh 1967 showed that both in rebreathing 
and steady state methods, the ratio of change in ventilation 
to change in PCOp v/as similar. Though the mean x inter­
cept difference between the tv/o methods was 8.8 mm.Hg., 
this difference was not significant.
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The validity of Read's rebreathing method depends 
on the rapid attainment of a mixed venous PCOp plateau 
and thus establishing a physiologic 'open loop'. This 
means that there is a constant relationship established 
between end-tidal PCOg and brain tissue ( Read and Leigh 
1 % 7  ) and this is unaffected by the level of ventilation; 
POOp therefore rises linearly with time. It happens 
that ventilation under this condition also increases at 
nearly a constant rate. Thus a linear relationship is 
obtained between ventilation and end-tidal PCOg, the slo­
pe of which, when plotted over 15, 20 or 50 second peri­
ods ( Read 1967, Jennett 1968, Clark 1968 and Rebuck et 
al 1972 ) gives the response measurements.
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ACUTE VENTILATORY RESPONSES
a) Acute hypoxia
It has been shown by Mitchell 1965 and Sorensen and 
Mines 1970 that when animals are deprived of peripheral 
chemoreceptors, acute hypoxia would not stimulate 
ventilation, but depressed it. This showed that acute 
hypoxic stimulation is derived from peripheral chemo­
receptors ,
With intact peripheral chemoreceptors, the 
stimulatory effects on ventilation produced by hypoxia 
is dependent on the sensitivity of the peripheral chemo­
receptors and the sensitivity of the central chemoreceptive 
areas to GOg. During acute hypoxia, ventilatory drive 
increases. The resulting ventilation causes hypocapnia 
which then decreases the ventilatory drive by the peripheral 
and central chemoreceptive areas. (Leusen and Demeester 
I960). Thus the eventual ventilation is less than what 
could be expected if it were to come from peripheral 
stimulation only.
Thus from this it can be seen that in order to test 
hypoxic drive, it is important to separate the effects 
of GOg on hypoxia. There are several methods used which 
eliminate this GOg factor, resulting in an isocapnic 
hypoxia test. Thus an isocapnic hypoxic steady state 
test (Cormack et al 1957) and a rebreathing test 
(Godfrey et al 1971 and Rebuck et al 1973) have been used 
in some studies of the effect of hypoxia on ventilation.
By changing different levels of constant POg during
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COg breathing, the interactions between ventilatory 
response to CO^ and Op can be studied. Thus Neilsen 
and Smith 1952 and Lloyd et al 1958, constructed GOp 
response slopes at different Op concentration. It is 
found that with hypoxia, the COp response slope became 
steeper implying that at any given PGOp increase, there 
was a larger ventilation increase with decreased POp.
It also shows that for a given decrease in POp the 
ventilation increase was greater when there is increased 
PGOp. Thus it is important to note in both hypoxic and 
hypercapnie response test to record the PGOp and POp state. 
Prom the COp and Op responses curves, Lloyd et al 
1958 used a mathematical extrapolation where there is a 
common intercept on the zero-ventilation axis for all COp 
response curves in an individual.
b) Acute Hypercapnia
The stimulation of ventilation by COp is affected 
both by the peripheral and central chemoreceptive areas.
The relative contribution of tiese areas to the total 
resulting ventilation is difficult to determine. Experiments 
on dogs and goats (Mitchell 1965 and Sorensen and Mines 
1970) has shown that after denervation of the peripheral 
chemoreceptors, the ventilatory response to GOg was reduced 4 
by 20 to 45#. In the awake humans, Katsaros et al i960 
and Lambertsen et al 1961, have shown that with GOp breathing 
25^ to 40% of the ventilatory response was reduced when 
arterial pH was kept constant. Gray 1968 suggested that
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the response to OOp by the carotid body was mainly a 
response to arterial pH, thus this magnitude of reduction 
is mainly due to the peripheral contribution to GOp 
ventilatory stimulation.
The sensitivity of the peripheral chemoreceptors to 
GOp depends on arterial POp, where lowered POp increases 
the stimulatory effect of increased PGOp. Thus to test 
the contribution of peripheral bodies to GOp ventilation 
stimulation must talce into account the right POp where 
POp and PGOp interact as stimuli to the peripheral bodies, 
thus independent of their sensitivity to POp changes.
Attempts have been made to separate the effects of 
COp into two separate components, the molecular GOp itself 
or those due to the Nielsen 1956 and Gray 1946 have 
shovm that in the PaCOp response curve, the slope of 
the curve shifted to the left in the presence of acidaemia 
( induced by NH^ j^ Ol ). Domizi et al 1959 and Saito et al 
I960 showed similar results in that the Vg, PGOp response 
slopes were unchanged but displaced to the left in acidosis 
and to the right on alkalosis «, If ventilation is plotted 
against pH^ instead of PaGOp, the response lines are still 
separate ( Cunningham 1974 ). From this it can be seen that 
with only arterial pH or arterial PGOp alone, the response 
cannot be predicted. The two separate stimuli are 
required for the prediction of the response. Since the 
two response slopes are parallel, stimuli proportional 
to PaCOp and to H"^  ^act independently and additively*
4 4
Thus, from these slopes, (Cohen et al 1964 and Brown 
and Clancy 1965) the quantitative contributions to GOp 
response made by GOp and can be calculated, Lambertsen 
et al 1961 has shown that 45% of the response to COp 
breathing was due to changes in blood acidity and 55% 
to change of blood PGOp.
Central Chemoreceptive Areas
The presence of chemoreceptors which are anatomically 
separate from the carotid and aortic bodies were demon­
strated by Gemmill and Reeves 1955 and Tenney and Brooks 
1966, when they showed that after total denervation of 
the carotid and aortid bodies, COp can still stimulate 
ventilation. Lambertsen et al 1961 showed that for an 
equivalent change in arterial pH, the ventilatory response 
is more in hypercapnia than in metabolic acidosis, 
suggesting that the receptors are separated from the blood 
stream by a diffusion barrier permeable to COp but less 
permeable to H"^* and HGO^~. Hornbein and Roos 1965 and 
Gray 1968 also showed that these receptors respond 
differently from the carotid body.
The mapping of these chemosensitive areas showed that 
they are situated in the brain, but the exact location is 
unknown. The central chemoreceptive areas are stimulated, 
producing increased ventilation when perfused with an acid 
medium but depressed by an alkaline fluid. (Mitchell et al 
1965 and Pappenheimer et al 1965).
Mitchell et al 1965, suggested that changes in the
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composition of cerebrospinal fluid (CSF) affects the 
chemoreceptive areas which are sensitive to pH in their 
environment. They mapped out these areas on the medulla 
surface as being chemosensitive by applying local 
anaesthesia which induced apnea in anaesthesised cats. 
However, these chemoreceptive areas do not morphologically 
show any receptor cells, thus suggesting that these pH 
sensitive respiratory centre neurons are located super­
ficially in these areas in the brain stem.
It has not been resolved whether the pH effect is 
due only to changes in extracellular pH or whether it is 
due to changes in intracellular pH.
The sensitivity of the central chemoreceptive areas 
can be expressed as ventilation response to pH changes 
in the brain extracellular fluid. Since the ventilatory 
responses are different when stimulated by pH changes induced 
by changing HCO%" and by inspired PGOp, it is difficult 
to put absolute values on the sensitivity. However, 
maximum and minimum values were computed from data in 
goats by Pappenheimer et al 1965 (by Sorensen 19?1).
Minimum values were found by pH changes due to changing 
HCO^~ and maximum values by inspired PGOp.
In man Severinghaus et al 1965 calculated the 
ventilatory response to CSF pH changes during COp breathing 
in man, assuming minimal contribution from the peripheral 
receptors and found that the change in ventilation per 
change in CSF pH was larger than that found in goats.
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Different techniques for measuring COg response in diseases.
From the time Scott 1920 observed that there was a 
reduced ventilatory response to COg in patients with 
airways obstruction, workers have developed several 
methods to measure accurately this response in disease.
Gherniack and Snidal 1956 observed reduced ventilatory 
response to GOg when they introduced viscous resistance 
at the mouth of subjects, suggesting that this reduced 
response is solely due to the airways obstruction limiting 
the normal ventilatory flow. Similarly, Eldridge and 
Davis 1959 suggested that the increased resistance was 
responsible for the diminished ventilatory response.
Since this v/as so, workers tried to measure a response
other than that of ventilation to assess this GOg drive
in patients. Mechanical work of breathing as the
measured response was used by Eldridge and Davis 1959 and oBrodVsky et al I960. They found that this mechanical 
work in normals, in normals with added external resistance, 
and in patients with airways obstruction all show similar 
slopes when plotted against arterial PGOp. This 
suggested that this measurement of response would measure 
accurately GOp drive without being affected by resistance, 
even though the PCOg intercept for patients with 
obstruction were higher than that for normal.:subjects. 
Similarly Milic Emili and Tyler 1963 found that added 
viscous resistance reduced ventilatory response to COp 
by 50%, without affecting the inspiratory work rate response.
However, when obstructive airways patients are separated 
into the hypercapnie and normocapnie subjects the response 
of ventilation to GOp expressed as work rate is lower in
14-7 I:|the hypercapnies and in patients with elevated 
bicarbonate levels (Alexander et al 1955, Cherniack 
and Snidal 1956 and Park 1965).
Lane and Howell 1970 also used inspiratory work 
load performed during COp rebreathing to assess their 
subjects' COp drive. A significant positive correlation 
was found between work rate response and dyspnoes; 
patients with reduced response also experienced little 
dyspnoea despite severe airways obstruction. There was 
also a significant negative correlation between work rate 
and high resting PaCOp, suggesting that a diminished work 
rate response would mean reduced central COp sensitivity.
Similarly Pritts et al 1959 measured mechanical 
work as the measured response to COp and found the response 
in 4 emphysematous patients to be normal.
O'Donnell and Hood 1971, in their study of 15 
patients with obstructive lung disease and hypercapnia, 
used changes in intrathoracic pressure as the COp drive 
index. This is done by measuring the end-inspiratory and 
end-expiratory intrathoracic pressures using an intra- 
oesophageal baTbon during COp rebreathing. They showed 
that with increase in P .COp, the intrathoracic pressure 
difference increases. Patients showed a decreased COp 
ventilatory response when compared to normals but the 
"pressure drive" response was the same suggesting that 
this "pressure drive" index'is independent of airways 
resistance.
Another method employed is the response measured
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as the oxygen cost of breathing during increased breathing. 
Richards et al 1958, in nine emphysematous subjects with 
elevated PaCOp, measured the oxygen consumption for the 
increased ventilation and found that the response measured 
was similar to that of the normals. However, the 
ventilation attained at a given increase in oxygen consumptio 
was much less in the patients than in the normals, suggest­
ing that the reduced ventilatory response v/as due to 
mechanical factors.
Brodovsky et al I960, measured oxygen consumption 
(as well as the mechanical efficiency^of the respiratory 
muscles^ and likewise found no difference in COp response 
in their patients and normal subjects. When measuring 
oxygen consumption as the measured response an assumption 
has to be made. This is the efficiency of the oxygen 
cost in terms of the development of mechanical work is 
similar during COp breathing and room air in the same 
individual as well as when comparing different individuals.
The measurement of the integrated EMG of the diaphragm 
as the output from the respiratory centre was also employed 
to separate reduced central sensitivity from increased 
mechanical obstruction. Lourenco and Miranda 1968, found 
that the EMG activity is decreased in patients with 
elevated resting PaCOp when compared to that of normals 
and normocapnie airway obstruction patients.
Repeatability of slopes of COg response using rebreathinp 
method.
Eckenhoff et al 1956 noted that COg response measure*
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ments were quite-repeatable. Workers have noted the 
variability of "normal" COp response from subject to 
subject, without being able to identify the cause of 
variation. Schaefer 1958, suggested that differences 
in adrenal and sympathetic responses to hypercapnia might 
be responsible.
Jennett 1968, observed a large variability in 
individuals on repeated testings (in 9 subjects in 59 
trials, with a mean coefficient of variation of 57% in 
individual subjects). However, Jennett and Short 1975, 
found that when 25 subjects were studied twice in an 
interval of 15 minutes, the average difference in slopes 
is of plus or minus 28%, but there is not a significant 
difference between the first and second tests.
Using a slight modification of Read's method,
Strachova and Plum 1975, in a study of 45 subjects (normal 
subjects, hospitalised normals, and patients with acid-base 
and neurologic disorders), found more repeatable results, 
with an average coefficient of variation of 5.6% for each 
subject (for repeated tests in single day it was 5.8% and 
for long term repeats of a month it was 5.6%). Differences 
in values found in an individual subject, rarely exceeded 
2 standard deviations of the mean, and they suggested that 
the method is reliable for assessing effect of disease 
on the response to COp.
Clark 1968, found in his study of 56 patients with 
chronic airways obstruction, repeatability is good with a 
coefficient of variation of about 10%. Within subject 
repeatability was better the lower the ventilatory response.
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In this study ventilatory response to COg repeat­
ability was good, the mean coefficient of variation was 
9% when breathing without airways resistance. With 
added airways resistance the mean coefficient of variation 
was 8%. When COg response was measured in terms of 
(dp/dt)^^^ , the mean coefficient of variation without 
airways resistance was 11% and with resistance was 8%.
This is in agreement with the findings of Matthews and 
Howell 1975 who found a variation which was small and
similar for ventilation and (dp/dt) ^ /max.
Repeat tests were also carried out for the Pq  ^
response to COg tests. The mean coefficient of variation 
for both the Pq ^ and ventilatory response to GOp was 10%.
From this it can be seen that repeatability was 
similar for all three different COg response measurements. 
Repeatability was also similar in both ventilatory and 
( d p / d t r e s p o n s e  to COp during resistance breathing, 
suggesting that both . and ( d p / d t a r e  reliableU # JL ulciX #
COg response indices. In face of resistance, (dp/dt) 
still gives consistent values.
Possible causes of reduced hypercapnie drive in chronic 
bronchitic patients.
Ever since Scott 1920 observed the reduced ventilatory 
response to COp in chronic bronchitic patients, several 
possible causes have been advanced to explain this 
observation. It is generally agreed that the loss of COg 
responsiveness of some patients with chronic airways 
obstruction in the later stages of their disease is due to 
long exposure to COp. This is supported by the findings
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of Shafer 1949 and Schaefer et al 1963 who showed that 
normal subjects, exposed to increased COg concentrations 
for long periods, showed a decreased hypercapnie drive. 
However, the initial development of this loss of COg 
response is not clear. Prime and Westlake 1954 and 
Park 1965 suggested that reduced responsiveness to COg 
was the main factor responsible for COg retention, whereas 
Lourenco and Miranda 1968 suggested that the obstruction 
itself was mainly responsible.
Reduction of respiratory centre sensitivity to COg 
may be explained by several workers' findings, Vance 
1966, showed that in hypercapnie and normocapnie patients 
there were no abnormalities in COg storage. As the 
increase of COg during rebreathing is similar for both 
groups, the decreased ventilatory drive in hypercapnia 
is probably secondary to a compensatory increment in 
bicarbonate content (Park 1965). He showed that increases 
in HCO^’” would cause the reduced COg drive slope. In
hypercapnie patients the level of plasma and CSF HCO?~
plays a role in the reduced responsiveness.
It has been shown by Fend et al 1966 that chronic 
metabolic alkalosis can reduce respiratory centre respon­
siveness. However, the patients in this group have 
abnormal lung and chest wall, thus these must be considered 
as well, Alexander et al 1955 showed in normals that 
increased bicarbonate contents resulted in significant 
increase in PaCOg. They also showed that the high
bicarbonate contents in the blood does not have any
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significant effect; it is the high bicaa'honale contents 
in the spinal fluid or in the cells or in the intestinal 
fluid of the central nervous system which tends to minimise 
the effects of caused by COg breathing by mass action 
law. Thus stimulation by less free hydrogen ions results 
in a decreased hypercapnie drive.
Similarly investigations by Leusen 1954, Mitchell 
et al i960 and Goldring and Turino 1976, suggested that 
individuals with elevated extracellular HOO?" (thus 
elevated PaCOg) can have reduced neural drive to COg which 
is the result of reduced hydrogen ion generation as PCOg 
increases, this being a reversible state. It has also 
been reported that in chronic respiratory acidosis, the 
bicarbonate concentrations in the plasma and in the 
cerebrospinal fluid are both increased. (Cherniack and 
Snidal 1956, Loeschke and Mitchell 1965, Leusen 1965,
Park 1965). This increase in HCO?" in the CSF and plasma 
may affect the central control of respiration in chronic 
respiratory acidosis.
The alternative view for the reduction of COg respons­
iveness was that obstruction was the primary cause (Zechman 
et al 1957, Cherniack and Snidal 1956 and Fritts et al 
1957). Cherniack and Snidal 1956, have shown that in 
normals, the addition of an external airways resistance 
reduced ventilatory response to COg to that found in chronic 
bronchitics. The main criticism here is the fact that the 
ventilation being measured might by itself cause the 
reduction in the bronchitic patients. However, Lourenco 
and Miranda 1968, using EMG diaphragmatic activity suggested 
that the obstruction and mechanical wall abnormality would
be the initial cause of COg retention.
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The reduction of the nervous output from the 
respiratory centre as a cause for COg retention has been 
suggested by Shafer 1958 and Lambertsen i960, who found 
different COg sensitiveness amongst normals. Under $
normal conditions the respiratory centre is able to 
produce adequate amounts of nervous output, however in 
the case of respiratory loading such as in obesity or as in 
airways obstruction in bronchitis, the nervous outputs are 
insufficient. However, findings by Lourenco and Miranda 
1968 do not support this hypothesis of COg retention.
Their patients with moderate mechanical abnormalities did 
not have any increased PaCOg nor decreased COg drive.
Riley 1954 suggested that there are inhibitory 
reflexes from the chest wall or lungs due to increased work 
of breathing. However, experiments in dogs (Lourenco 
et al 1966) and in man, (Lourenco et al 1965) showed that 
despite excessive breathing, there was no significant 
effect of inhibitory reflexes. Furthermore Lourenco and 
Miranda 1968 showed that patients with marked mechanical 
alterations gave a normal or even increased diaphragmatic 
response to COg.
Guz et al 1966 on observations made on a single 
unanaesthetised human subject showed that ventilatory 
response to CO^ (in mixture of 7% COg and 93% Og) was 
reduced after local anaesthetic block of the vagus and 
glossopharyngeal nerves in the neck. Since animal 
experiments have shown that inhalation of a high concen­
tration of oxygen suppresses the sensitivity of peripheral 
chemoreceptors to hypercapnia, this suggests that vagal
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impulses from the lungs are important in GOg sensitivity 
maintenance. Lung damage, as a result of severe airways 
obstruction may affect vagal discharge, thus changing COg 
sensitivity.
Reversibility of COg sensitiveness.
Fishman et al 1955 found that hypoxaemia and hyper­
capnia of long duration would result in irreversible 
alterations of respiratory centre sensitivity. However, 
Turino and Goldring 1976 suggested that reduced COg resp­
iratory drive due to elevated extracellular HCO^”' can be 
reversed.
Theory proposed by Lourenco and Miranda 1968.
Patients with chronic airways obstruction have varying 
degrees of mechanical alterations of lung and chest wall, 
due to airways obstruction and hyperinflation. This 
would result in increased stimulation of the respiratory 
centre by afferent nerve impulses from the lungs ( Lourenco 
et al 1966 ), as shown by increased diaphragmatic activity 
during COg breathing in patients with normal blood PCOg. 
When resistance is much greater, there comes a point where 
the respiratory centre cannot cope with increased input 
to provide adequate ventilation, thus COg retention occurs. 
The degree of obstruction will thus determine COg retention 
in chronic obstructive lung disease. It is only when COg 
retention becomes marked that responsiveness to COg becomes 
reduced, due to increased bicarbonate concentrations.
Park's theory.
Park 1965 suggested that mechanical factors play an
55
important part only in initiating COg retention in 
chronic obstructive pulmonary disease. Reduced COg 
responsiveness is responsible for further enhancement 
of COg retention, in which plasma and CSF HCO?~ plays an 
important role.
In some patients with acute COg retention, it was 
found that elevation in PCOg if promptly restored to 
normal by increase in alveolar ventilation, may cause 
little elevation in buffer base (Colin et al 1954). In 
this situation, GOg retention is mainly due to mechanical 
obstruction and PCOg returns to normal when obstruction 
improved. When COg retention is sustained, plasma and 
CSF HCO%~ are raised, thus changing central COg respons­
iveness, resulting in further PCOg increase, thus further 
COg retention. In this case improvement of PaCOg not 
only depends on improvement of mechanical factors but 
also on the recovery of the central responsiveness to 
COg which takes considerable time for excretion of 
bicarbonate ion.
Development of total mouth occlusion pressure and 
(dp/dt)  responses to GOg." A, n X'^ ' ' *-- -------- '""C
A new approach to measurement of the respiratory 
centre output is the total mouth occlusion pressure 
response generated against an occluded inspiratory airways 
This started when Lynne-Davies et al 1971 found that in 
anaesthetised cats, when the airway is occluded, the 
inspiratory pressure developed rises progressively with 
increases in PCOg. This suggested that this inspiratory
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pressure developed when there is occluded airways 
or "mouth occlusion" could be a measurement of respiratory 
centre output. Similarly Grun:stein et al 1975, occluded 
the airways of anaesthetised cats and measured the pressure 
wave generated during inspiration at FRO. They found 
that since there was no elastic recoil at relaxed FRO 
the pressure measured was the net pressure developed by 
the respiratory muscles. Since this pressure is developed 
against an occluded airways and there is no air flow, the 
measurement would be independent of airways resistance.
Following these findings, Whitlaw et al 1975 suggested 
that the pressure generated at the mouth at occlusion 
(at FRO) can therefore be used as the respiratory centre 
output. However, this suggestion is based on two 
assumptions. The first assumption is that during this 
period of airways occlusion, the lungs and respiratory 
muscles remain nearly motionless, so that the factors which 
transform motor-neurone discharge into pressure remain 
constant. Eldridge 1975 and Lourenco et al 19:66, 
supported this assumption when they found that the integrated 
diaphragm EMG is linearly related to the occlusion pressure 
in anaesthetised animals. The second assumption made is 
that, the occlusion itself must not change the respiratory 
motorneurone discharge. Altose et al 1975 have shown that, 
in anaesthetised dogs, occlusion did not change the mean 
rate of increase of diaphragmatic EMG activity, thus 
supporting the second assumption.
Whitlaw et al 1975, measured the mouth pressure at
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0.1 sec. after inspiration against an occluded airways 
( P q  with rising P G O p  in a rebreathing circuit. They 
found that when P^ ^ is plotted against PGOp, the response 
obtained was curvilinear, with Pq  ^ increasing more at  ^
higher levels of PGOp. They also found it to be independ­
ent of pulmonary mechanics, and concluded that Pq  ^
represents a useful index of output from the respiratory 
centre.
Maranetra and Pain 1974, in a study of normal subjects 
and patients with chronic airways obstruction, measured 
the inspiratory occlusion pressure change as an index of 
respiratory drive in a COp rebreathing circuit. They 
found that there was no significant difference in this 
response (&P/^PCOp), between the normals and the patients, 
in spite of reduced ventilatory response to GOp in the 
patients. Hypercapnie patients (mean of 51 mm.Hg.PGOp) 
with airways obstruction, showed a significantly lower 
AP/APCOp than normocapnie (mean of 40 mm.Hg.PGOp) patients. 
Since there might be cortical inhibition which could 
influence the pressure generated against the occluded tap 
during inspiration, they measured the rate of change of 
pressure (dp/dt) with rising PGOp. It was found that this 
index of GOp response, (dp/dt)/APCOp was significantly 
correlated with the total occlusion pressure response to 
COg.
Total mouth occlusion pressure has also been in­
vestigated by Altose et al 1975, They used diaphragmatic
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EMG (Ep) and pressure generated by isometric contraction 
of inspiratory muscles as indices of GOg response in 
anaesthetised dogs and conscious man. The mouth pressure 
at total occlusion (Pm) was used as a measure of isometric 
contraction. In dogs, increase in PGOg results in increase 
in both diaphragmatic EMG and Pm; when resistance was 
added absolute values of EMG activity and Pm increases but 
the slopes of A Pm/dPGOg and EMG remains constant. In 
the 15 normals studied, the ventilation response to GOg 
correlated well with the Pm response. However, in the 
chronic obstructive lung disease patients,A V^/APGOp was 
depressed whilst APrn/APCOp was normal, suggesting that total 
mouth occlusion pressure and diaphragm EMG activity can 
accurately assess GOg sensitivity even in the presence of 
obstruction. Lourenco et al 1956 also found that 
occlusion mouth pressure correlated well with phrenic 
nerve activity. Further Evanich and Lourenco 1974, and 
Evanich et al 1976 studied phrenic nerve activity compared 
to changes in intratracheal and intrapleural pressure during 
unobstructed and during tracheal occlusion in cats under­
going GOg rebreathing and room air breathing. They found 
that during both room air and GOg breathing the intratracheal 
occlusion pressure when plotted as a function of phrenic 
nerve activity gave a linear relationship. This suggested 
that intratracheal occlusion pressure could be used as a 
measurement of phrenic motor nerve activity.
Further Altose et al 1976 measured the unoccluded andboccluded tracheal pressure in anaesthetised dogs during GOg
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rebreathing. They found that both unoccluded and 
occluded tracheal pressure increases with increase in 
POOg. The addition of an inspiratory flow resistance 
reduced ventilatory response to COg but did not change the 
occluded tracheal pressure. This suggested that occluded 
tracheal pressure was a measure of respiratory efferent 
neural activity and could be used as an index of GOg drive 
even when increased airways resistance was present in 
anaesthetised animals. Similarly Isaza et al 1975, 
measured the occluded mouth pressure at 100 ms after 
occlusion (P^q q ) and peak mouth occlusion pressure (Ppg^k^ 
in anaesthetised goats undergoing GOg rebreathing. When 
an inspiratory resistance was added, P^qq ^peak ^^re 
unchanged when compared with values obtained without 
resistance, again showing that in anaesthetised animals, 
measurement of Pq ^ response as an index of GOg drive v/as 
independent of airways resistance.
Altose et al 1976 studied the effects of hypercapnia 
on mouth pressure in conscious normal man. They measured 
mouth pressure during complete airways occlusion at 
different time intervals 100, 200 and $00 ms after occlusion ; 
^^100’ ^200 ^$00^’ SIS well as peak end-inspiratory
mouth pressure (Pp^a^). Ppeak ^100 increase linearly 
with diaphragm electrical activity and changes in P^^^^ 
and P^QQ correlated well with ventilatory response to GOg, 
suggesting that these mouth pressure measurements give 
reliable indices of respiratory activity. When an external 
flow-resistive loading, which failed to depressAV^/dPGOg,
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v/as added with hypercapnia, there was an increase in 
total mouth occlusion pressure. However, changes in 
P]QQ and Ppeak ^i^h hypercapnia in most subjects were not 
affected by resistance breathing,
Lopata et al 1977, in a study of 7 normals, measured 
mouth pressure at 150 ms after inspiratory occlusion 
(Pq 2 )^ during COg rebreathing. The subjects underwent 
rebreathing under control conditions with the addition of 
5 different types of resistive loads, namely inspiratory, 
expiratory and combined inspiratory-expiratory resistances. 
They found that there was a reduction in ventilatory respons< 
to COg in all the 5 resistive loads. However, Pq 
increases with inspriatory and inspiratory-expiratory 
loading but decreased with expiratory . They suggested 
that mouth occlusion pressure reflects the overall 
inspiratory neuromuscular output of the respiratory system 
during COg rebreathing, even in the presence of resistance.
Kryger et al 1975, found that added inspiratory 
resistance resulted in increased Pq j response to COg in 
normal subjects. Anthonisen 1976, showed that there v/as 
a higher Pq  ^response to COg in asthmatics compared to 
normals and chronic bronchitics. Although the chronic 
bronchitics did show a higher Pq  ^response when compared 
with normal subjects, it v/as suggested that gradual or 
chronic resistive loading does not increase respiratory 
drive.
The rate of rise of inspiratory muscle activity at 
beginning of inspiration is independent of vagal activity.
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Vagatomy causes increase in tidal volume, but does not 
change the profile of tidal volume tracing, only by pro­
longing inspiration. Thus dp/dt or rate of rise of 
inspiratory muscle activity is independent of vagal 
influence.
Measurement of total occlusion pressure in conscious 
man is quite difficult, as awareness would cause exaggerated 
readings especially towards the later part of inspiration 
(i.e. at peak measurements). As reaction time in subjects 
studied by Whitlaw et al 1975 was never shorter than 0.15 
sec., mouth occlusion pressure at 0.1 sec., was used as 
the respiratory index, in order to be free of reflex action. 
Matthews and Howell 1974, also measured the pressure at the 
mouth when airways are transiently occluded during COp re­
breathing. This is achieved by using a two-way Douglas 
valve which has an opening pressure of about 1cm. HpO.
The resulting pressure wave recorded is then differentiated 
electronically and the maximum rate of change of pressure
recorded as (dp/dt) In normals the (dp/dt),max.- ~ 'max
response correlated well with ventilatory change during COp
rebreathing. When external resistance was added ventilatory 
response to COp was reduced, the (dp/dt)^^^ response re­
mained relatively unchanged, suggesting it as a measurement 
of COp drive unaffected by resistance.
Matthews and Howell 1975, in a study of chronic 
bronchitics, found that while the ventilatory response to 
COg was reduced, the (dp/dt) response was normal in 
normocapnie but diminished in hypercapnie patients.
62
Stanley 1977 studied both total mouth occlusion 
pressure and (dp/dt) during progressive hypercapnia
in 12 normal subjects* He found that both Pq ^ and 
(dp/dt) were linearly related to PCOg and also that
their changes in hypercapnia were closely correlated with 
ventilatory response* He suggested that (dp/dt) 
could be used as an easily measured alternative to Pq  ^
for the respiratory response to hypercapnia.
Effect of a change in Functional Residual Capacity.
The measurement of Pp.  ^ and (dp/dt) as indices ofw o 1 nicix #
respiratory drive depend on the PRC remaining relatively 
constant throughout their measurement ( Whitlaw et al 1975 ) 
Though no direct measurements of lung volumes were made 
in this study, circumstantial evidence is presented below 
to discuss the effects of changes of FRO on the (dp/dt)\ jTf / max.
and Pq ^^  responses. Changes in FRO, by changing the length 
and geometry of the inspiratory muscles change the amount 
of pressure generated in response to a fixed neural output. 
Evanich et al 1973 have shown that for a given level of 
electrical stimulation, the pressure generated by the res­
piratory skeletal muscles, varied with their length and 
hence would depend upon FRO.
Marshall 1962, Sant 'Ambrogio 1970 and Minh et al 1976 
have shown that when lung volume increases, the efficiency 
of the inspiratory muscles may decrease. Woldring 1965 
and Stanley et al 1975 also showed that, in animals, there 
was a reduction in diaphragmatic activity in response to 
COg when lung volume was increased.
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Edstrom et al 1976 suggested that the reduction in 
ventilatory, response to GOg when measured during re­
strictive loading breathing in normals can be due to an 
increase in the end-expiratory level. They further 
suggested that reduced ventilatory response seen clinically 
can be attributed mainly to this increase in end-expiratory 
level.
Elenley et al 1971 showed that in conscious man, an 
increase in lung volume, produced by raising mouth pressure 
to 30 cmHgO, reduced the tidal volume response to COg but : 
the corresponding increase in respiratory rate restored the 
total ventilatory response.
Marantera and Pain 1974, found that changes in ERG did 
not change mouth occlusion pressure response to COg provided 
airways occlusion occurred within 200 ml. of start of 
inspiration (approximately equivalent to 200 msecs).
Fitzgerald et al 1976 found significant increase in 
FRO in awake, seated subjects during both hypercapnia and 
hypoxia tests.
Kelsen et al 1976 and Cherniack et al 1976, have shown 
that during normal breathing, the FRO is not usually changed 
by added respiratory resistance. Rigg et al 1974 have 
shown that the ventilatory response to COg in normal sub­
jects did not show any significant change on changing from 
a lying to a sitting position. Both the AVE/APCOp slope 
and the level of the slope did not change. Since FRO 
may fall substantially in the supine position, it can be 
suggested from this that ventilatory response to COg may 
not be affected by changes in FRO within the range studied. 
Similarly Cherniack et al 1976, also showed that the
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ventilatory response to COp was unaffected by changes in 
body position (sitting and supine). Thus the use of 
Pq ^ in this study as a respiratory drive index during 
unrestricted COp rebreathing seems to be reliable.
Kryger et al 1975 have shown no change in the PRC of 
his subjects during both COg breathing and hypoxia, with 
and without inspiratory resistance. Grassino et al 1973 
and Pengelly et al 1971 found only small and inconsistent 
changes in PRC with COp breathing. Studies by Cunningham 
1974 has shown that hypoxia itself has no effect on PRC.
Matthews and Howell 1974 in a study of 32 normals and /
6 patients recovering from bronchial asthma found that 
during- COp rebreathing, there was no constant changes in 
PRC. When lung volume increases, there will be flattening -
of the diaphragm. This will result in shortening of the 
muscle fibres, reduced mechanical advantage of the 
respiratory muscle, and thus a diminished force of 
contraction. This will be reflected in reduced absolute 
levels of (dp/dt) ^ However, if the speed of con­
traction increases along with this reduced force of con- /
traction, as the findings of Plenley et al 1971 suggested, 
then there would not be any change in the absolute values 
of (dp/dt)^^^ . As shown by Altose et al 1976, even if
there was a change in absolute values of (dp/dt) ,max.
during COp rebreathing with airways restriction, the slope
of (dp/dt)^^^^ response to COp will still be unchanged in
the same subject. Furthermore, Matthews and Howell 1974
found that when lung volume was increased the (dp/dt)\ j. / / max.
response slopes were not reduced. Also the normals in
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their study could voluntarily generate a higher 
(dp/dt)^^^ at lung volumes approaching total lung 
capacity, showing again that the (dp/dt)^^^ response 
slope is unlikely to be reduced by lung volume increases.
In this present study no lung volume measurements 
were made. However, the circumstantial evidence 
presented above would show (dp/dt) to be a reliable111 cl DC p
index of respiratory drive for both hypercapnie and 
hypoxia studies should there by any changes in kRC.
The presence of artificially added resistance in normals 
and obstructive airways patients would still not affect 
(dp/dt)^^^ response even if PRC changes were present.
The effect of resistance on . and (dp/dt)
_  -   ___________U  e -L   IJuicivC <[I
response to 00^.
In this study, none of the 25 normals studied showed 
any significant change in the COg response, in the presence 
of added resistance when measured in terras of (dp/dt)^^^ 
response. This demonstrated that ( d p / d t ^  response tou l3 .X  *
COg was not affected by airways resistance, thus making 
it a reliable index of respiratory centre output in normals 
as well as patients with airways resistance.
Marantera and Pain 1975 measured the ^ response 
to COg in normals and patients with airways obstruction. 
They found that whilst the ventilatory response to COg 
was significantly reduced in patients when compared with 
normals the Pq ^ response to COg of the patients was not 
significantly different from that of the normals. This 
suggested that Pq ^ response to COg was not affected by
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airways obstruction. (dp/dt)/&PCOg was also calculated 
and was highly correlated withVlP/^PGOg.
Altose et al 1976 studied the total occlusion 
pressure response to hypercapnia in normals with and 
without added airways resistance. In all the subjects 
studied, the absolute values of occlusion mouth pressure 
was greater at all levels of POOg in presence of loading. 
However, the changes in mouth occlusion pressure with 
hypercapnia in most of the subjects was unaffected with 
resistance breathing. They suggested that in these 
subjects, changes in occluded mouth pressure may be useful 
as an index of respiratory hypercapnie chemosensitivity 
even in presence of airways resistance.
Gherniack et al 1976 found that in preliminary stu­
dies in patients with chronic obstructive lung disease, 
there was little or no increase in P^ ^ with increased 
inspiratory resistance. However, the occlusion pressure 
response to COp was similar for normals and eucapnic 
patients with obstructive lung disease and increased PEG.
Kryger et al 1975 found that the Pq  ^response to GOg 
increased with inspiratory resistance. Similarly Lopata 
et al 1977 found that inspiratory resistance as well as 
inspiratory-expiratory resistance increased mouth occlusion 
pressure response to GOg. However, expiratory resistance 
alone decreased the mouth occlusion pressure response.
Zackon et al 1976 found that the Pq response to GOp 
in asthmatics were higher than that of chronic bronchitics 
and normals. They suggested that this may be due to the 
effect of acute airways resistance.
Prom the studies above, it can be seen that there were
:
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variable results obtained when response to 0(^ )
were measured during airways resistance. However, in 
this study and in those of Matthews and Howell 1975 and 
19?^ the (dp/dt)^^^^ response was unaffected added 
airways resistance and in the normocapnie chronic 
bronchitics, the (dp/dt)^^^^ response was similar to 
that of the normals. This suggests the reliability 
(d p / d t response as an index of respiratory 
drive bo GO^ even in face of loading.
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SECTION 1B
RELATIONSHIP BETWEEN (dp/dt) 
DIAPHRAGMATIC ELECTRICAL ACTIVITY
AND
IN ANAESTHETIZED RABBITS
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INTRODUCTION.
The ventilatory response to hypercapnia gives a 
true index of medullary centre response when the ven­
tilatory mechanism is normal. However, with lung 
abnormality or airways obstruction, this measurement 
is misleading as it is affected by the mechanical load.
As discussed before many methods have been employed to 
measure the COg responsiveness which would be unaffected 
by airways obstruction.
During COg breathing, the electrical activity of 
the respiratory muscles, could give a more direct 
measure of neural output than either the ventilation 
or the work of breathing ( Lourenco et al 1965, Shannon 
and Zechman 1972 )„ But when there is impairment of the 
chest-wall or lung movements, the electrical activity 
of the inspiratory muscles automatically increases 
( Lourenco et al 1966, Wiley and Zechman 1969, Shannon 
and Zechman 1972 ), Thus in order to measure the elec­
trical activity of the inspiratory muscles, as a reliable 
index of CO2 drive, the effects of mechanical loading 
has to be separated from those of hypercapnia. Thus 
Altose et al 1975 found in dogs that whilst the inter­
costal muscle activity was unreliable as CO^ drive index 
when loading occurs, the diaphragmatic EMGs were un­
affected by mechanical loadings during hypercapnia thus 
providing a reliable index of COg response.
In this study, in anaesthetized rabbits, the ven-
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Tracing on scope, of rectified diaphragm EMG 
( channel a ) and its corresponding R-C cir­
cuit integration. ( channel b ).
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tilatory, (dp/dt)^^% and diaphragmatic responses to 
COg were studied during unrestricted and also restricted 
airways breathing. The relationship between (dp/dt) ^ 
and diaphragmatic electrical activity was investigated.
Methods
7 adult rabbits were used in this study. The weight
ranged from 2.5 to 3.5 kg. Anaesthesia was induced first 
using halothane and nitrous oxide mixture and then by 
urethane (1.5 gm/kg.) infused intravenously.
The set-up is as shown in diagram Fig 1B~jj.The trachea 
was cannulated using a large bore tube and this was 
connected to a rebreathing bag of 0.75 litres capacity 
in a box. A pneumotachograph head was attached to an 
outlet from the box, and connected to an electro-spiro­
meter (Mercury) to obtain volume measurements.
A two-way Douglas-type valve was attached to the 
tracheal cannula. The opening pressure of the valve at 
0.5 cm HgO provided a transient inspiratory occlusion 
during breathing. An outlet tube between the cannula 
and the two-way valve was attached to a manometer to 
measure pressure changes. These pressure changes were 
recorded on a two channel fast responding pen-recorder 
(Brush), In one channel the pressure change was re­
corded whilst the other recorded the differentiated 
signals of the pressure changes. The differentiated 
signal was recorded as spikes, the height of which re- 
presented the (similar to Section 1-A).
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Continuous CO^ readings were made from the re- 
breathing bag using an infra-red COp analyser 
(Beckman LBI). The air sample after passing through 
the GOp analyser was pumped back into the bag.
A mid-line abdominal incision was made. A bipolar 
platinum electrode was then inserted into a muscular 
portion of the diaphragm. The electroraographic 
potentials, recorded between 120 and 2,000 were 
amplified by a neurological preamp-amplif1er unit, then 
rectified and integrated using a R-C circuit (Fig. IB-.b.), 
The rectified and integrated EMGs were recorded on a 
Tektronic oscilloscope and also recorded on fast re­
sponding pen-recorder.
The integrated EMG was recorded for each single 
inspiration (see Fig.IB- o'). The duration of the 
inspiratory burst was also recorded (T. ). Only thehA. XI tk
EMGs coincident with the inspiratory airflow were taken 
in measuring the integrated EMGs and inspiratory time.
For measurements on effects of added resistance, a 
rubber bung with a small bore was used which produced 
a resistance of 200 cm.HpO/L/sec, This level of 
resistance was approximately 10 times the resting total 
respiratory resistance in rabbits (25 to 37 cm.HpO/L/sec 
Davidson et al., 1965). The resistance was placed 
between the cannulation and the inspiratory valve.
All the rabbits underwent A tests each (3 without 
resistance and 1 with added airways resistance). There 
was an interval of 20 minutes between the tests for 
recovery from OOg rebreathing.
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Treatment of data
The integrated EMG recorded was for each burst 
of inspiration. Five integrated recordings were taken 
and the average height determined for each 30 seconds 
period during COg rebreathing. The total integrated 
EMG activity was compared with that of the value obtained 
at rest (i.e. without COg rebreathing) just before the 
experiment started. With increase in PCOg, the increase 
in total EMG was expressed as percentage increase from 
the rest values.
Inspiratory duration ) was measured from
the inspiratory burst of EMG activity.
The average rate of EMG activity was obtained from 
dividing total EMG activity by Tb^g^ . With increasing 
COg, the average rate of EMG activity was compared with 
resting value and expressed as percentage increase.
Minute volume was obtained by adding the individual 
tidal volume recordings.
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RESULTS
(Table lB-1 and lB-2 shows the overall results obtained 
during the study).
Ventilatory response
There was a linear relationship between ventilation
and end-tidal POOg. Increases in PCOg resulted in
increase in ventilation.
The ventilatory response to COg ranged from 4-8.3
to 82.3 ml,ffiin~^mm.Hg,C02*"^ (mean 65.8 SD 8.1 BE 1.7).
This lies within range of those found by Richardson and
Widdicombe 1969 in anaesthetised rabbits, mean 65 ml.
min ^mm.Hg.COg"^. The addition of the mechanical
resistive load resulted in a mean reduction of 35^ in the
slope of COg ventilatory response. (Significant at
p =< 0.001). (Fig. lB-1).
iÉE/Étlmax__re82ons0.
There was a linear relationship between (dp/dt)^^. 
and end-tidal PCOg, with (dp/dt) increasing with^ m 9. #
max.
PCOg increase.
The (dp/dt)^^^ response to COg ranged from 0.90 to 
2.90 cm.HgO s~lmm.Hg.~l (mean 1.53 SD 0.50 BE 0.10). 
There was no significant reduction in the response slope 
with the addition of the airways restriction, (Fig.lB-2).
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Table lB-2* (overleaf)» Overall analysis of responses 
to COp in 7 anaesthetized rabbits.
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Total EMG response
There was a linear relationship between total EMG 
and end-tidal PCOg, the total electrical activity 
increasing with increasing PCOg.
The total EMG response as measured byj&total 
EMG/A  PCOg ranged from 3.00 to 8.24# increase/mm.Hg.COg 
(mean 4.68 SD 1.4/ SE 0.32). With the addition of 
restriction, there was increase in absolute values of 
total EMGs at all levels of PCOg. However, the response 
slopes with and without resistance were not significantly 
different. (Pig. lB-3).
Total EMG/T^^_p (or average EMG activity) response
During unrestricted breathing there was a linear 
relationship between the average EMG activity and end- 
tidal PCOp.
There was a corresponding increase in T. with3-ilSp #
restriction compared with unrestrictive breathing. The
response slope did not show a significant' difference 
during unrestricted and restricted breathing. At all 
levels of PCOg, the absolute values of total EMGs/T..L X10 P e
did not show a difference between restricted and unre­
stricted breathing. The average EMG response ranged 
from 6.10 to 16,60#/mra.Hg.C0p. (mean 8,96 SD 3.14 
8E 0.68). (Pig. lB-4).
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Correlation between ventilatory and ^^
responses to CO-.
There was a significant correlation between the two 
responses measured (r - 0.859 p =<0.001) when there was 
no airways restriction. Since there w a s  a significant 
reduction only in ventilatory response with restriction, 
no correlation was made after restriction, between the 
two measures. (Fig. lB-5).
Correlation between ventilatory and total EMG responses 
to COq .
There was a significant correlation between the two 
responses measured without airways restriction (r = 0.845 
p =(0.001). Again no correlation was made of the 
responses during airways restriction. (Fig.lB-6).
Correlation between ventilatory and average EMG activity
( t o t a l  E M G / T j _ _ _  )  r e s p o n s e s  t o  C O ^ .----------------c 2. n  S  p -r -^    ------- -------------d
There was a significant correlation between the two 
responses, without airways restriction (r = 0.851 
p =(0.001). No correlation made during airways 
restrictive breathing. (Fig. lB-7).
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Correlation between (dp/dt) and total EMG responses
to COg.
There was a significant correlation between the two 
responses, v/ithout airways restriction ( r= 0.790 
p ~ <0.001 ) ( Fig. 1B-8 )0 With airways restriction, 
there was also a significant correlation ( r= 0.889 
p= <0.01 ). ( Fig.1B~9 ).
Correlation between (dp/dt) and total EMG/TIlIvXdK. e « L H o U  #
responses to COg.
There was a significant correlation between the two 
responses during unrestricted breathing ( r= 0.886 
p= //0.001 ) ( Fig.IB-10 ). With restriction there was 
still a significant correlation between the two responses 
( r= 0.948 p= <0.001 ). During both unrestricted and 
restricted airways breathing, the correlation between 
(dp/dt) and total EMG/T responses were more
significant than that between (dp/dt) and total EMG
responses. ( Fig.1B-11 ).
Correlation between (dp/dt) and total EMGs._ «-«I-— .— ™.
There was a significant correlation between (dp/dt) ^
and total EMGs in all the rabbits while breathing without 
resistance. At all levels of PCOp, the changes in
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(dp/dt)^^^ paralleled the changes in total EMGs. In 
all the rabbits tested, the regression coefficient was 
more than 0.900 and p =(0.001.
During resistance breathing similar correlations 
and results were obtained. (Fig. lB-12).
Correlations between (dp/dt) _ and total EMGs/T..VL r~1 1. ■ T in-iTTi-TT-rrr.,*«, Z X ÎD (v.^ »
There was a significant correlation between 
( d p / d t a n d  the average EMGs during unrestricted 
breathing in all the rabbits studied. The changes in 
(dp/dt)^^^ paralleled the changes in the average EMGs 
at all levels of PCOp. In all the rabbits tested, the 
regression coefficient between the two changes were more 
than 0.950 and p ={0.001.
Similar correlations and results were obtained for 
restricted breathing. (Fig. 1B~13).
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DISCUSSION
The main aim of the experiment was to study the 
(dp/dt) response to GOo in relation to the electricallllc i Jv •  ^
activity of the diaphragm and also the corresponding 
relation with ventilatory response.
The strength of muscle contraction is a function of 
the number of motor units firing. Thus in the diaphragm 
it has been shown that increasing phrenic nerve activity 
causes increased diaphragmatic electrical activity. 
However, it is difficult to quantify the strength of the 
muscle contraction by calculating the number of firings 
alone as the size of the motor units varies and this will 
cause variation in action potentials. However, when the 
electromyogram signal is integrated, it gives a function 
of both the mean size of the action potentials recorded 
as well as their firing rate. Thus integrated EMGs 
give a reliable relationship to the force of muscle 
contraction. Lippold 1952 has shown that the force pro­
duced, by an. isbmetrically and submaximally contracting 
muscle was linearly related to the mean rate of integrated 
EMG activity.
Direct diaphragmatic electrical activity in animals 
has been studied by Shannon and Zechman 1972 and Altose 
et al,, 1975. They found that with increase in PCOg , 
there was a corresponding increase in diaphragmatic elec­
trical activity. Direct measurements from the phrenic 
nerves have also been studied by Iscoe et al., 1976 during 
normal air breathing, and by Evanich et al., 1976 during 
COg rebreathing. These authors showed increased activity
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with increasing POOg. Eldridge 1971, showed that 
in anaesthetised cats, with an increase in tidal volume, 
the size of phrenic nerve action potential increased, 
and these correlated with the diaphragmatic motor unit 
activity. Lourenco et al., 1966 showed that during 
unobstructed breathing, tidal volumes are proportional 
to the phrenic nerve and diaphragm electrical activity. 
However, with inspiratory loading, tidal volume decreases 
even though phrenic nerve and diaphragmatic activity 
increases.
In this study there was linear relationship between 
ventilation, (dp/dt)^^^ , total EMG activity and average 
EMG activity with end-tidal PGOgi the values increasing 
with increase in PGOg. This suggests that all the 
variables measured with increasing PCOg, would be reliable 
as COg response index. However, with added restriction, 
there was a significant reduction in ventilatory response 
to COg.ci
In this study as in that of Altose et al., 1975, it
was seen that with resistive loading, the diaphragmatic
activity increased with hypercapnia. Although when total
EMGs response to COg slopes were the same with and without
restriction, the absolute values for total EMGs vms
greater at all levels of PCOp with restriction present.
However, this increase in diaphragmatic activity was
accompanied by corresponding increase in inspiratory
duration. When total EMGs were divided by T. toinsp,
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give the average rate of diaphragmatic electrical 
activity, there v/as no significant difference in the 
response to COg with and without restrictive loading. 
Similarly the ( d p / d t r e s p o n s e  to COg was un-uld vC *
affected by airways restriction. This suggests that 
whilst ventilatory response would not reflect COg drive 
in the face of airways restriction, total EMG activity, 
average EMG activity and (dp/dt)^^^ response would be 
a reliable index of COg chemosensitivity even with 
restriction.
During COg rebreathing, when (dp/dt) was plotted
against total EMG activity, a linear relationship, 
increase in ( d p / d t w i t h  increasing total EMG 
activity, was found both in unrestricted and restricted 
breathing in all the rabbits studied. Thus changes in 
(dp/dt) parallel changes in total EMG activity.
Similar linear relationship was found for (dp/dt)^^^ 
and total EMG/Tj^g^ both during unrestricted and 
restricted breathing. Evanich et al., 1976 found that 
with airways occlusion in anaesthetised cats, the 
changes in phrenic nerve activity (expressed as "moving 
time average") paralleled the changes in intratracheal 
occlusion pressure both in air as well as COg rebreathing 
Similarly Eldridge 1975 found that there was a linear 
relationship between occlusion pressure and the average 
level of activity computed over 100 ms intervals. Since 
it is found in this study that there were parallel
changes in both diaphragm and (dp/dt)^^^ in hypercapnia,
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it suggests that (dp/dt) reflects .respiratory
neuron activity, in anaesthetised rabbits. Thus 
(dp/dt)^^^ can be said to be an index of muscle force 
generation and respiratory control output.
Richardson and Widdicombe 1969 found that the 
ventilatory response curve in both anaesthetised and 
unanaesthetised rabbits to be linear, which agrees with 
findings in this study. However, Richardson and 
Widdicombe 1965 and 1969 have shown that the position 
and shape of end-tidal PC02/min. volume curve (i.e. 
ventilatory response to COg) in rabbits depended on 
the presence or absence of anaesthesia. With anaesthesia, 
the ventilatory response curve was slightly reduced.
In this study since all the tests were carried out in 
anaesthetised rabbits, and no relative comparison was 
made between CO2 responses in unanaesthetised and 
anaesthetised animals, it would not affect the significance 
of the results.
In this study, the electrode was not removed throughout 
the whole test in the same rabbit. An attempt was made 
to place the electrode in similar position in each rabbit 
to produce as little EMG activity variations as possible.
Any variation in placement would not produce a significant 
difference as Boyd and Basmajian 196$ have shown that 
different electrode positions on the same rabbit's 
diaphragm produced only minor variations in degree of 
recorded diaphragmatic activity. The diaphragm seems
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to function as a unit with all its portions contracting 
simultaneously.
Zechman et al., 1957 have shown that the functional 
residual capacity may be increased by flow resistive 
loading during both inspiration and expiration but does 
not show any change with flow resistive loading during 
inspiration alone. However, Altose et al,, 1975 have 
shown that in dogs, both types of loadings gave similar 
EMG activity. They suggested that any changes in 
resting lung volumes due to the loading has no appreciable 
effects on EMG activity. In. this study no determination 
of resting lung volumes was made. However, since this 
study employed methods similar to Altose et al., 1975, 
any changes in lung volume that might occur with loading 
would not show any effects on the EMG activity.
In conclusion, this study has shown that-whilst 
airways restriction did cause a significant reduction 
in the ventilatory response to COg; (dp/dt) , totalI— ill Ct Jv #
EMG electrical activity and the mean rate of EMG elec­
trical activity responses to COg were unaffected by 
airways obstruction. It has also been shown that changes 
in (dp/dt) paralleled changes in both total EMGs and
average rate of EMG activity during unrestricted and 
restricted breathing. This finding provides further 
evidence that (dp/dt) response to COg can be used
as a reliable index of COg responsiveness unaffected by 
airways restriction.
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SECTION 2
CHEMOSENSITIVITY AND EXERCISE 
VENTILATORY RESPONSE IN 
NORMAL SUBJECTS.
84-
INTRODUCTION.
There have been numerous reports of differences in 
sensitivity to hypercapnia and hypoxia amongst normal 
subjects. Thus Hurtado 1960 and Severinghaus et al 1966 
found that natives of high altitudes have lower ventila­
tory response to hypoxia than sea-level dwellers. These 
natives too showed a lower ventilatory response to CO^.C 
Sorensen and Crus 1969). Amongst normal subjects residing 
at sea-level too there is a wide variation in ventilatory 
response to hypercapnia ( Read 1967, Godfrey et al 1971, 
Jennett and Short 1973 and Hirshman et al 1975 ) and hypo­
xia ( Rebuck et al 1973 and Hirshman et al 1975 ). A 
positive correlation between hypercapnie and hypoxic ven­
tilatory responses was shovm by Byrne-Quinn et al 1971,
Rebuck et al 1975 and Hirshman et al 1975 in normal subjects
Godfrey et al 1971 did not find any significant 
difference in the hypercapnie and hypoxic ventilatory 
responses of athletes and non-athletes normals. However, 
Byrne-Quinn et al 1971 have shown that athletes showed a 
significantly lower hypercapnie and hypoxic ventilatory 
response compared with non-athletes.
Rebuck et al 1972 have shown that in 9 normal subjects, 
those showing a low chemosensitivity to COg also showed a 
low ventilatory response to exercise ( when exercise is 
expressed as COg produced or Og uptake ).
Similarly Spiro et al 1974 suggested that the ^ VOA
slope obtained during exercise may be used as a physical
85
fitness index with unfit subjects showing steeper slope. 
Wasserman et al 1973 has shown that the linear part of 
A  Vg/AVOg and. A  Vp/AVCOp slopes (the slopes of ventilatory 
response to exercise) breaks (Anaerobic threshold) earlier 
in unfit normal subjects. This break appears coincident 
with the appearance of anaerobic metabolism which occurs 
at a lower load in less fit subjects, suggesting that it 
may be used as an index of physical fitness.
In this study a larger group of normal subjects were 
tested for their COg ventilatory response and ventilatory 
response to exercise. The subjects were made up of 
trained (i.e. in various sporting activities) and untrained 
normal subjects. Measurements of maximum oxygen uptake 
(VOg max.) and the ‘anaerobic threshold' (used as physical 
fitness indices) were made to investigate their relation­
ship with GOp and exercise ventilatory response.
In some of the subjects, the ventilatory and (dp/dt)^^^ 
response to hypoxia was measured. Similarly some of the 
subjects' COg response was measured in terms of (dp/dt) „ .cL IÏ13.X •
Thus the relationships between (dp/dt)^^^ and ventilatory 
response to hypoxia and hypercapnia and exercise 
ventilatory response were studied.
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SUBJECTS AND METHODS.
Subjects
47 normal males ( aged 18 to 27 ) w ere used in  this 
study. Ten of the subjects w ere in training and underg­
oing various sorts of regular sporting activities. All 
the subjects underw ent b o th  th e  exercise and COp response 
test and o f  these subjects, the 11 untrained also under­
went an isocapnic hypoxia t e s t .  An electrically braked 
cycle e rg o m e ter was u s e d , w i th  th e  load increased s te p w is e .
The subject was f i r s t  familiarised w ith  using a n o s e -c l ip
and breathing through the mouthpiece f o r  5 minutes p r i o r  
to the exercise. None o f  the subjects had any exercise 
for at least $0 m inu tes  b e fo re  th e  t e s t ,  to  stabilise his 4
breathing pattern.
A f t e r  5 minutes, th e  subject sat on th e  cycle e rg o m e te r  
and necessary adjustments made to  th e  h e ig h t  o f  the pedals 
and mouthpiece. No unnecessary discomfort must be p re s e n t  
as i t  m igh t disturb his b r e a th in g  d u r in g  later h ig h  loads 
of exercise. A f u r t h e r  5 m in u te  rest p e r io d  with th e  mouth %
connected to the circuit was necessary, f o r  b r e a th in g  stab­
ilisation. This ensured th o ro u g h  mixing of the expired gas 
as well as keeping his COg and t i d a l  sam ple within - 1 mm.Eg. 
v a r i a t i o n .  The subject th e n  s ta r te d  to  pedal at 100 kpra 
load k e e p in g  the p e d a l fre q u e n c y  a t  60 rpm f o r  2 to  3 mi- 
n u te s , u n t i l  a  s te a d y  s t a te  i s  re a c h e d . The lo a d  was th e n  
in c re a s e d  a t  100 kpm e v e ry  1 minute until he becomes exh~ |
austed.
, .....
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The OOg response test at rest was done on the same 
day but $ to 4 hours after, the exercise experiment. The 
isocapnic hypoxia experiment took place within a week of 
the exercise and COp response tests.
6 subjects repeated the exercise test within one week. 
Repeats of OOg and hypoxia response tests are discussed 
in Section 1A.
Equipments.
All subjects were weighed and their EVO, EEV and VO 
measured using the Vitalograph Single Breath Instrument.
a) Exercise. ( Eig* 2—a )
An electrically braked Cycle Ergometer ( ELEHA-SCHO- 
NANDER AM $68 ) was used for the exercise test. Stepwise 
increases of 100 kpm up to a maximum of 2000 kpm can be 
used. A mouthpiece was fitted to a low resistance two-way 
valve ( dead space of 140 ml ), with outlet of the valve 
going to a mixing chamber, volume 6 litres. A pneumotacho­
graph was attached to the inlet side of the valve, the 
inspired flow measured by a Mercury Electric Manometer 
( accuracy of - ) and the signal integrated. Inspired 
ventilation was measured for each tidal volume and used 
later for measuring inspiratory and expiratory duration in 
Section $. The resistance for the inspired side was 2,0
cm.HgO and expired side was 1,1 cm.HgO at a flow rate of 
—1$ litres sec. .
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The mixing chambei' consisted of two separate halves 
with a gauze midwall for thorough mixing. In the second 
half of the chamber where air is thoroughly mixed, there 
are two small outlets, one for Og measurement and the other 
for COp measurement. ?or COg measurement, a sample of air 
at a flow rate of 500 ml.min“* was passed through a Beckman 
COg Infra Red Medical Gas Analyser ( Model LB 1 ). The 
gas analyser ( accuracy - 1$ of meter-range of 0 to 10^
COg ) was calibrated using several gas mixtures which was 
first analysed by Lloyd-»Haldane apparatus. The COg meter 
was switched on overnight prior to the test for greater 
stability. The Og meter ( Paramagnetic-Servomex type OA 
272 ) has air sample flowing at the rate of 200 ml,min*“ . 
Calibration of both meters was made every morning before a 
set of experiments were carried out later in the day. To 
monitor heart rate, 5 point chest electrodes are used and 
connected to a pen-x'ecorder ( DEVICES AC1 Pre-Amp with Sub 
3 ECG sub-unit ). Simultaneous measurements of ventilation, 
heart rate, OOg# and Og# were made and recorded on a Devices 
four channel pen-recorder.
b) COg Response Test.
For this test, the same circuit, equipments and method 
were employed as in Section 1A.
In 16 subjects ( untrained ) in addition to ventilatory 
response, the maximum rate of development of pressure during 
occlusion, (dp/dt) , was measured; the mouth pressure
signals differentiated into spikes which was recorded onto
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a fast-responding pen-recorder ( GOULD BRUSH )# ( Section
1A ). Rebreathing was continued for 4 to 5 minutes or 
until the subject cannot continue longer. Repeat tests 
are discussed in Section 1A.
c) Response to Hypoxia*
For the hypoxia study at rest, details of the setup 
and method is discussed in Section 1A. The experiment 
took about 5 to 6 minutes. During the experiment COg and 
Og was measured continously by gas meters and minute volume 
measured by an electro-spirometer. The change in mouth 
pressure was measured and differentiated to give (dp/dt) nicix #
values.
11 subjects ( untrained ) underwent the test.
FORMULAE USED and CALCULATIONS.
The following formulae are used throughout the calcul­
ations.
1.00 - ( PgCOz + PgOg )
h ° 2  =  %  0 . 2 0 9 5
VgOg = Vj X 0.7903
1.00 - ( FgOOg + PgOg )
X PgOg
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" VgOg
VCOg = FgCOg X Vj X 0.897
All values were corrected to STPD and BTPS as required,
TREATMENT OF DATA.
For COg rebreathing and hypoxic response tests, details 
of treatment of data are given in Section 1A.
In the exercise study, the simultaneous readings of 
COg, Og, heart rate and ventilation were recorded on a 
four channel pen-recorder, at a speed of 5 mm/sec. The 
record was divided into one minute divisions, each corres­
ponding to an increase in load of 100 kpm.( as shown in 
Fig. 2-b ). COg and Og concentrations were calibrated 
before the experiments and marked on the recording paper. 
Ventilation was calibrated using a one litre syringe attached 
to the pneumotachograph. Heart rate was obtained from the 
recorded E.C.G.
COg and Og readings were taken over the last quarter 
of each minute. Tidal volume measurements for one minute 
were added to give minute ventilation. The heart rate was 
measured during the last half minute of exercise.
L o A D I? m
JL heart rate
Time ba
inoreaslng exeroieo
CO
0 onoen tra 11 on
ooaoentrat ion
Typical trace of simultaneous reoordings made 
during progressive exercise test.
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Number of subjects in different tests.
In this study the number of subjects used for diff­
erent tests varied. In all 4-7 subjects ( trained and un­
trained ), the slope ‘S ’ ( A. //A PCOg ) or responsiven­
ess to COg, ventilatory response to exercise ( when exer­
cise expressed both as oxygen uptake and COg produced ) 
and a prediction of VOg max, was obtained* 11 subjects 
( untrained ) from the 4-7 subjects underwent measurement- 
of hypoxic response, measurements being made both in terms 
of AV^ / (1 /PAO -52  ^ L.raralig.rain"" and2 y jA(dp/dt)^,^, / A (1/pAOp-32^ cm.HgO mm.Hg s“ , and their 
measurements of ’S’ by both AV^ /A PGOg and 
A(dp/dt) / A POOg. 16 subjects ( untrained ) from
the 4-7 had their their ’S' measured both in terms of ven­
tilatory and (dp/dt) response.
9 untrained and 1 trained subjects repeated the exer­
cise test within 2 weeks to test the variation obtained 
between the first and second readings of the exercise ven­
tilatory responses. Repeats for the COg rebreathing and 
hypoia tests are discussed in Section 1A,
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RESULTS*
The 47 normal subjects were made up of 10 trained 
and 57 untrained subjects* There was overlapping of re­
sults as far as COg responsiveness, ventilatory responsegto exercise and VOg max* are concerned. Even though they 
are 2 separate groups, they show a continous spectrum of 
response* Thus the analysis of all 4-7 subjects was made 
first, then of the 2 separate groups. All correlations 
are made by least squares regression.
(overall results. Table 2-1)
Responsiveness to OOg.
In the 4-7 subjects, the range of ventilatory response 
to COg was from 1.08 to 4-,84- litres min^^ mmHg*™^, ( mean 
2.51, SD 0.91 SE 0.15 )# This is comparable with results 
as given in Section 1A.
The 47 subjects were made up of 10 trained and 57 
untrained subjects. In the untrained, the range was from
1.07 to 4.48 litres min"* ^ mrnHg.*"^ , ( mean 2.88, SB 0.82 
SE 0.15 )• The range and mean in the untrained is similar 
to reported results for normals ( Section 1A ) and in the 
trained slightly higher than found in athletes studied 
by Byrne-Quinn et al I97I ( mean 0.94 SE 0.08 ). In 
this study however, there is a significantly lower S 
in the trained when compared with the untrained ( p=(0*001 ),
When responsiveness to COg was measured in 16 untrained 
subjects in terms of maximum rate of mouth occlusion pre­
ssure ^ A( dp/dt) /a  POOg, the range was from 1.01 to
Table 2 -1 , Units used.
g î/^PCO^ or B - ventilatory response to CO^
( litres min*“" mîaHg"’’^', )
9 *B - intercept on x axis of ventilator; response to CÔ^ slope ( mmlïg )
A  Vp /^VCOp - ventilatory response to exercisewhen exercise is expressed as COp produced.
litres miB“ "^(litres CO,,
A  ^ 1? - ventilatory response to exercisewhen exercise is expressed as oxygen uptake.
litres mln"'^(litres Op
~— — —  .. ventilatory response to COgvital capacity expressed as fraction ofvital capacity «
fraction VC/min/mm Hg POOp
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5.73 cm.HgO sec""' mmllg.COg""' ( mean 2.59 SD 0.82 SE 0.20 ) 
which is comparable to findings in Section 1A end Matth­
ews and Howells* 1975 ( see Section 1A ),
Response to hypoxia at rest.
11 subjects were studied to find their response to 
isocapnic hypoxia at rest. As described in Section 1A, 
the hypoxia response was measured in 2 ways, parameterI It If IA and parameter A (dp/dt) .f tIn terms of parameter A , the range was from 86.62 
to 219.51 ( mean 156.59 8D 45.51 BE 15.72 ). It is
within range of values found by different investigators 
( see Section 1A ). In terms of parameter \  (dp/dt) 
the values obtained range from 84.66 to 252.97 ( mean
165.59 8D 57.09 SE 17.21 ).
Ventilatory response to exercise ( linear portion of slopes, 
/CiVOg and/\Vg //iVOOg ).
In the 47 subjects, when exercise is expressed in 
terms of Og uptake, the range was from 15-96 to 58.82 litres 
min""' ( litres Og min""' ( mean 26.40 5D 4.80 SE 0.70 ).
This is comparable to values reported previously, as shown 
overleaf.
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Workers Sample size mean value.
A V 35 /Avog
L min’"'^ (L.Opmin"*^
Cunningham 1965
Rebuck et al
1975
Present study
values quoted from 
different tests in 
literature.
11
47
25.50
29.02
26.40
In the 57 untrained subjects, the range was from 
17.85 to 58.82 litres rnin*"^  ( Litres Og rain”  ^ ( mean
27.44 SD 4.40 SE 0.72 ). In the trained subjects the­
re is a significantly lower ventilatory response to exer­
cise, ( p=<0.01 ) with range from 1.11 to 2.08 litres min*" *
( Litres Og min“"' , ( mean 22.56 SD 4.40 SE 1.59 ).
When exercise is expressed in terms of GOg produced, 
the range in the 47 subjects was from 17.58 to 58.05 litres 
min ( Litres OOg min"^ ( mean 26.48 SD 4.50 SE 0.65 ),
which is comparable to Rebuck et al 1975 findings, ( range
16.6 to 52.0, mean 22.7 SD 5.55 )• In the untrained the 
figures obtained respectively are 18.58 to 58.02 ( mean
27.7 SD 5.85 SE 0.65 ) and in the trained 17.58 to
28.56 ( mean 21,83 SD 5.79 SE 1.20 ). There is a sig­
nificantly lower response in the trained compared to the 
untrained ( p= ^ 0.001 ).
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Repeats on exercise ventilatory response test.
Results on repeat tests done by 5 untrained and 1 
trained subjects on the exercise ventilatory response is 
as follows.
Subjects //sVOg ZsVg //xVOOg
L.min^^CL.Ogmin™^)^^ L. min“  ^(L,C02min'“ ^
1st. 2nd. 1st. 2nd.
1. GJ 55.54 50.57 58.05 56.77
7. DB: 24.14 25.69 26.12 28.54
21. VE 26.22 27.54 51.74 29.12
27. NS 26.05 27.15 28.87 27.67
50. HS 24.55 25.66 25.11 27.14
45. SJ 19.18 16.81 18.50 15.75
The variation between the first and second tests 
was small and similar for both the exercise ventilatory 
response*
Correlation between COg responsiveness and ventilatory
response to exercise.
a) and/^yg /AVOg.
In the 47 subjects, a significant correlation between 
COg response ( AVg / APCOg ) and exercise response when 
exercise is exp-
96
ressecl as Og uptake, ( Pig. 2-1 ), r= 0,788 p=< 0.001 
was found.
The same significant relationship was obtained in 
both untrained ( r= 0.750 p - / 0.001 ) and trained ( r=
0.868 p“ <0.01 ) subjects. ( Pig. 2-2 ).
Even though there is no correlation between lung si­
ze as expressed by vital capacity , and GOg responsiven-t Iess, the 'S’ was corrected for lung size to see if any 
correlation between ’corrected' 'S’ and exercise response 
still exists, t IIn the 47 subjects, when S is corrected for lung
size, there is still a highly significant correlation bet- s «ween corrected S and exercise response.( r- 0.739 p=
/ 0.001 ) (Pig. 2-5). Significant correlations were fou­
nd for the untrained ( r= 0.812 p = <  0 .0 0 1  ) and the tra-
ined ( r= 0.769 P= /0.01 ) (Pig. 2-4 )
b) A(dp/dt)^^^_ /APOOg and AVg /AVOg.
In the 16 untrained subjects, the (dp/dt) res- ^ \ / max,
ponse to OOg shows a significant correlation with exerc­
ise response ( r= 0.818 p=<0.001 ) ( Pig. 2-5a ). ( The
same 16 subjects showed similar significant relationship 
when O O g  response expressed as / A P O O g ,  r- 0 . 7 5 9
p=(0.001; Pig. 2-5b )
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Fig. 2-1. Change in ventilation per litre of 02 uptake during 
exercise,plotted against the ventilatory response to 002 at
rest.Each dot represents one subject.All 4? subjects are 
recorded here,bars show mean and 8.D. for each of these 
measurements. r= 0.788 p=< 0.001.
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Fis. 2-2. Change in ventilation per litre of 02 uptake during 
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burs show mean and U.D. for each of the 2 groups of subjects, 
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trained i*v 0.869 < 0,01
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Fig. 2-5. Change in ventilation per litre of 02 uptake during :
exercise,plotted against the ventilatory response to 002 "corrected 
for lung size , at rest.Each dot represents one subject.All 4-7
subjects are recorded here,bars show mean and 8.D. for each of
these measurements„ r= 0.759 p=< 0.001. %
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Figa 2-4. Change in ventilation per litre of 02 uptake during 
exercise,plotted against the ventilatory response to 002,I Icorrected for lung size ,at rest.Each point represents one
subject. ( ®untrained M trained ),bars show mean and S.l)„
for each of the 2 groups of subjects,
untrained r= 0.815 p= < 0.001
trained r= 0.769 p=< 0.01
16 unti'ttined subjects
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Kig, 2-^a. Correlation ot' ventilatory response to exercise 
(when exorcise is expressed as O.’ pptake) and (dp/d t) max « 
res'ppnae to CO.l at I'eet in i(> subjects* 
r= 0.818 p= < 0.001
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G) /APCOg /AVCOg.
In the 47 subjects, there is a significant correla­
tion between S and exercise response as expressed as 
COg production. ( r= 0.799 P- <(0.001 ) ( Fig. 2-6 ).
The same significant relationship exists for the untrained 
( r= 0.721 p= < 0.001 ) and the trained ( r= 0.819 
p=(0.01 ) ( Fig. 2-7 ).I ÎAfter correction for lung size, the significant 
relationship still exists. Values respectively are 
47 subjects, r= 0.791 p= < 0.001 ( Fig. 2-8a ), untx'ai- 
ned r= 0.730 p= < 0.001 and trained r= 0.834 p= < 0.01 
( Fig. 2-8b ).
d) A(dp/dt) //^POOg and^Vg /^VCOg.
When expressed in terras of (dp/dt) , the respon­
siveness to OOg in the 16 subjects shows a significant 
correlation with the exercise response ( r= 0.742 p= 
<0.001 ) ( Fig, 2-9a ). ( The same 16 subjects show
similar significant relationship when COg responsiveness 
is expressed as 0.732 p= 0.001. (Fig.
2—9b) .
The findings here of significant correlation between 
ventilatory response to COg and exercise ventilatory res­
ponse are similar to findings by Rebuck et al 197.â.
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Pig, 2-6. Change in ventilation per litre of 002 production 
during exercise,plotted against the ventilatory response to 
002 at rest.Each dot represents one subject.All A? subjects 
are recorded hero,bars show mean and 8.D. for each of these 
measurements, r= 0.799 p=<0.001.
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Vig. 2-7. Change in ventilation per litre of C02 production 
during exorcise,plotted against the ventilatory response to 
C02 at rest.Each point represents one subject, ( e untrained, 
24 trained), bars show mean and S.D, for each of the 2 groups 
of subjects. untrained r= 0.722 p=< 0.001
trained r= 0.819 p~<0,01
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Pig, 2«’9b. Correlation of ventilatory reeponge to ozerciee 
(when exercise is expressed as 002 production) and ventilatory
to 002 at rest in same 16 subjects as in fig. 2-9&.
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Pig« 2-IOû, Correlation between ventilatory response to 002 
and V02 in the same 16 untrained subjects as in fig. 2-1Ob. 
r= - 0.742 p=< 0.001
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r= 0.871 p= <0.001
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Correlation between hypoxic response ( at rest ) 
and ventilatory response to exercise.
The 11 untrained subjects who performed the hypoxicI tdrive test had hypoxic drive measured as parameters A 
and A (dp/dt) max.'»
a) Hypoxic response and / AVOg
There were significant correlations between hypoxic 
drive ( expressed both as parameters A and A (dp/dt)  ^
and ventilatory response to exercise, when exercise is 
expressed by oxygen uptake. The correlations are r= 0.811 
p= «C0.01 for the former and r~ 0.732 p« /0.02 for the 
later ( Fig. 2-12a and Pig. 2-12b ).
b) Hypoxic response and /\Vp VCOg.
Similar significant correlations were found between
hypoxic drive ( both parameters ’ A * and * A (dp/dt) . ')max.
and ventilatory response to exercise when exercise is ex­
pressed as COg production. Correlations between A and 
exercise response r= 0.783 p= 0.01; and between
A (dp/dt) max. and exercise response r= 0.762 p=
<0.01 ( Pig.2-13a and Pig. 2-13b ).
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Fig,2-12a. Correlation between ventilatory response to exercise 
(when exercise is expressed as 02 uptake) and hypoxic ventilatory 
sspons® at rest in 11 untrained subjects. 
r= 0.811 p= < 0.01
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LOAD TIME VGOg VOg VE
0 kpm/min„ 5 rains, . 0,58 0.45 15.89100 ' 5 . 0.68 0.84 26.59200 : 2 0.92 0.8V 29.82500 1 1,18 1.17 57.42400 1 1.48 1.26 44.76500 1 1,57 1.45 51.27600 1 1.80 1.64 58.95700 1 2.08 1.78 67.96
Siib. No, 8 SC Untrained.
(fig. 2-16b and fig.2-17b)
LOAD TIME VCO2 VO2 VE
100 C 0^4? oi52 isio^pXX < 0.67 0.84 22.92%nn H 0-81 0.92 24.95nXX J 1.07 1.24 50.77cXX J 1.57 1.49 58.96J 1.92 1.76 49.90SXX J 1.96 2.06 99.55&Q0 1 2.17 2.19 69.94
Sub. 2 ZS untrained
(fig 2-16a and fig. 2-17&)
Table showing data obtained during exerc ise  te s ts  for
2 representative untrained s u b jec ts .
Units used in Tables 2-9a and 2-9b,
. • «VCOg ) VOr) If YE «“ in l i t r e s  per m inute.
3Û0AD TIME VCO2 VOg VE
100 ^^^/^ina 9 mine. 0.49 0.84 19.969 0.60 1.01 19.90200 2 0.98 0.97 14.26500 1 ' 0,92 1.91 . 21.97400 1 0.94 1.47 21.49900 1 0.96 1.42 21.84600 1 1.19 1.40 26.96700 1 1.94 2.82 94.11800 1 1.72 2.96 98.49900 1 1.88 2.64 40.641000 1 1.76 2.76 49.981100 1 2.14 2.97 46.801200 1 2.97 9.20 90.691500 1 2.87 9.72 99.921400 1 5.52 4.09 69.96
Sub* No,, 47 CtRM trained 
(fig 2~16o and fig. 2-17c)
lOAD TIME VGOg VO 2 VE
0 kpm/min. 9 mins.. 0.49 0.79 19.92100 9 0.47 0.72 14.94200 2 0.97 0.97 19.20900 1 0.79 0.97 18.68400 1 1.20 1.20 21.27900 1 1.96 1.96 29.47600 1 1.26 1.66 27.16700 1 1.90 1.90 90.81800 1 2.42, 2.42 99.96900 1 2.00 2.76 44.141000 1 2.87 2.87 46.871100 1 9.04 9.04 94.871200 1 9.22 9.22 60.40
Sub« No « 43 S J  trained 
(fig. 2~16d and fig. 2-17d)
Table 2-5b, showing data obtained during exercise tests for 
2 representative trained subjects.
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c) Testing validity of using A (dp/dt) .
To test whether A (dp/dt) can be used as a
hypoxia response index, this value is plotted against
parameter A ( done similarly in Section 1A )« There
is a significant positive correlation ( r~ 0.921 p=*{■/ 0.001 ) between the two parameters ( Fig. 2-14 ), 
confirming the use of (dp/dt) as one of measurable
responses in respiratory function. ( Table 2-4b )
( + Fig. 2-14 is superimposed in Fig.1A~12in Section 1A ).
VOg max.
I «Using Astrand s VOp max. Prediction Table ( Appendix
1 ), the VOp max. is obtained from heart beat and workload
values at submaximal loads. ( see table 2-5 )„
In the 47 subjects studied, VOp max. ranges from
2.0 to 4.4 L.min"'' ( mean 3.35 SD 0.63 SE 0.09 ). In/Ithe untrained it ranges from 2.0 to 4.4 L.min~ ( mean 
5.15 SD 0.51 SE 0.08 ) and is significantly lower 
( p= / 0.001 ) than values found in the trained which 
range from 3.8 to 4,4 L.min""' ( mean 4.16 SD 0.25 SE 
0.08 ).
When VOp max. is corrected for body weight ( see app­
endix 11 ), it ranges in the 4? subjects from 51.00 to
74.00 ml/kg X min. ( mean 51.04 SD 10.52 SE 1.53 ).
There is a significantly lower VOp max. in the untrained 
( range 51.00 to 74.00, mean 47.75 SD 9.06 SE 1.49 )
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Correlation between VOg max, and response to hypoxia.
0.827 p= < 0.01 respectively ) ( Fig. 2~11a and Fig. 
2-11b ).
than in the trained ( range 55.00 to 70.00, mean 65.50 
SD 4.99 SE 1.58 ) at p= <0.001 level.
The values above are in general agreement with many j?findings* Amongst others, Saltin and Astrand 1967 found
» ;;that, in the untrained males the mean VOg max. of $.1 i
L.rnin"^, is significantly lower than those found in rowers |
( 5.1 L.min”" ) and mid-distance runners ( 5.^ L.min““ ).
Similar findings were reported by Astrand and Christensen i
1964-, and Byrne-Quinn et al 1971-
In the 11 untrained subjects undergoing the hypoxia |
test, there were significant negative correlations between |
VOp max* and hypoxic drive expressed both as parameters
A and A (dp/dt) ( r~ 0.871 p= / 0.001 and r=max* - .>
Correlation between VOg max. and COg response.
There was a significant negative correlation between 4
* . iVO2 max. with COg response in the 4-7 subjects studied 
( r« - 0.74-3 p“ <^0.001 ) ( Pig. 2-10a ). In the 16 
untrained where COg response was measured both in terms f
of ventilatory and (dp/dt) , there was significantluCx^ 0
negative correlations for both measurements ( for
(dp/dt) response to COg with VOg max., r= - 0.74-6 |
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p= 0.001, and for ventilatory hypercapnie drive with 
VOg max., r= - 0.741 p- <0.001 ) ( Pig. 2-10b and Pig, 
2-1Oc ).
Correlation between VOg max, and exercise response.
There were significant negative correlations between 
VOg max. and exercise responses. When exercise was 
expressed as Og uptake, the correlation between VOg max. 
and this exercise ventilatory response is given by, r=
- 0.560 p= <0.001.
When exercise was expressed as CO2 output, the corr­
elation between VO2 max. and exercise ventilatory resp­
onse is r= - 0.659 P= f0.001. ( See Pig. 2-10d and Pig.
2-10e ).
Correlation between response to hypercapnia and to hypoxia.
In the 11 untrained subjects, there were very sign­
ificant correlations between ventilatory response to COg 
and hypoxia. When hypoxia is expressed as parameter A , 
correlation figure is r =  0.944 p- < 0.001 ( Pig. 2-15a )
; tand when hypoxia is expressed as parameter A (dp/dt) ,
the correlation figure is r= 0.913 p= ^0.001 ( Pig. 2-15b ) 
These are similar to correlations found in Section 1A.
( see Table 2-2 ).
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Records of data on exercise studies#
Tables 2-$a and 2-$b show typical records made for 
2 untrained and 2 trained subjects. It records Vjg, VGOg 
and VO2 from the linear part of the measured ventilatory 
exercise slopes /\Vg AVg /A VOOg. ( Data
shown f o r  subjects No. 45 SJ ( trained ) is taken from 
the second set of readings, to show repeat experiment 
data ).
Use of (dp/dt) as a response measurement in this study,
The use of (dp/dt) as a response measurement
at rest shows that it is comparable with ventilatory res­
ponse. Results which show significant correlations with 
(dp/dt) response ( VOg max. and e x e r c is e  resp onses )
also show similar correlation with v e n t i l a t o r y  response.
Also as shown in Section 1A, changes in ventilation para­
lleled changes in (dp/dt) d u rin g  hypercapnia and by-
poxia t e s t s .  This f u r t h e r  confirms the use of (dp/dt) 
as a response measurement given in Section 1A . ( see
Tables 2~4a and 2 -4 b  ) .
Initial t r i a l s  with (dp/dt) measurements w ereDl&X a
made during exercise studies to g e t slopes o f  A  ( d p /d t )  _ /
A V O2 and A(d.p/dt) /A V C O g . The increase in PRO
during moderate e x e rc is e  may introduce e r r o r s  into the 
(dp/dt) readings. M o re o v e r, the tw o-w ay valve used
would give a slightly increased r e s is ta n c e ,  a f f e c t in g
1.05
normal exercise ventilation. However, if measurements 
of response in very mild exercise is warranted, the use 
of (dp/dt) is possible.
Construction of exercise ventilatory response slopes.
* «In this study, the linear part of the /A VOg
and AVjjj /A VCOp slopes was used for the measurement of 
ventilatory response to exercise. To find the linear part,
f il ^the graph is plotted for VOg, VOOg and for the whole 
duration of exercise. The point at which there is a 
break in the linearity is then selected and the points 
after it discarded. The straight line slope is then con­
structed from the remaining points using a computer graph 
plotter by method of least squares regression. In nearly 
all the subjects, the AT break occurs at nearly the same
ft t * .point on both the / A^Og and A^}? / slopes.
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DISO0SSION.
: aVentilatory response to exercise; AV^ /A^O^ slope.
In addition to measuring the ventilatory response
to exercise, the slopes also measures the linear part of
« $ the slopes of ventilatory equivalents f o r  oxygen in
exercise, which is given by Vg / VOg ( similarlyn eVg / VCOg is ventilatory equivalent for GOp ). At mode­
rate exercise, th e  pu lm onary v e n t i l a t i o n  is closely adj­
usted to the metabolic needs of the body, so the ventil­
atory equivalents ( Vg /VO g or Vg / VGOg ) re m a in  quite 
constant. This is more a metabolic function in that, 
for a given v e n t i l a t i o n ,  a given volume o f  oxygen is used. 
Thus in this experiment subjects p e rfo rm e d  dynamic exer­
cise, em ploy ing  large muscle groups at a number of incr­
easing metabolic loads. A t each power output ( o r load 
increase on th e  cycle e rg o m e te r ), VOg is th e  in d e p e n d e n t  
variable whereas Vg is th e  measured response. Oxygen up­
take is used as an index of power load imposed upon ven­
tilation, as oxygen u p ta k e  in c re a s e s  with lo a d . Measur­
ement of ventilation, tidal volume and b r e a th in g  fre q u e n c y  
can also be used as indices o f  th e  v e n t i l a t o r y  re s p o n s e s . 
In this s tu d y  v e n t i l a t i o n  is used as th e  v e n t i l a t o r y  res­
ponse index.
As VOp is directly proportional to  work load, the 
measurement of VOp somewhat gives the load or an index 
of power lo a d , whereby in c re a s e s  in VOg w ould mean incr­
eases in load with Vg as the r e s u l t in g  re s p o n s e . In
Î
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other words VOp is a metabolic load as opposed to external
ergometric load. It is shown that normals ( Weil e t  al
1972 ) and normals, trained and untrained ( Irma-Astrand
I9 6 0  ) doing the same workload shows the same VOg ( on
cycle ergometers ). Hermansen and O seid  1 9 7 1 , also showed
similar results on treadmill e x e r c is e .  However in obese
s u b je c ts ,  this relationship d i f f e r s  from  normals in t h a t«they show a decrease in VOp with equivalent work loads 
( Davis.et al 1975 )• Also Cotes et al 1 9 6 9 , showed that 
on average, VOg were higher in heavy th a n  light subjects, 
but these differences were significant only at 10^ level 
o f  probability. Allen e t  al 1968 showed that the change 
of oxygen consumption at a fixed work load v;as v e ry  sli­
ght in all his modes of exercise ( p ro g re s s iv e  bicycle, 
step and treadmill ).
Cotes et al 1969 and Allen et al 1968  showed that 
regression of ventilation on VOg during submaximal prog­
ressive and s te a d y  state e x e r c is e  are i d e n t i c a l .  Spiro 
et al 1974, suggested that the slope of linear relation-
V iship between V^ and VOg can be used as a measure of the 
fitness of an individual as it in d ic a te s  an increase in 
Vg that is obligatory for an in c re a s e  in energy expendi­
ture equivalent to an additional oxygen uptake of 1 
Litre / min.
Pulmonary ventilation increases during muscular ex­
ercise in proportion ( rectlinearly ) to the increase in 
energy expenditure up to approximately 55% to  75% o f  anIindividual s aerobic capacity. Beyond this point the ve-
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ntilation increases out o f  proportion to energy expendi­
ture ( curvilinear increase - th e  hyperventilation of 
physical exercise ) probably due to an academic stimulus 
secondary to production of lactic acid, ( Wasserman et 
al 1967, Hughes et al 1968, Gomroe 1965 )# This inflec-t Ition point is often reffered to as Anaerobic threshold ,« <( AT ). This also applies to^V^ /^VGOg curve f o r  ident­
ical reasons, but the spread between subjects and the de-
• »viation of linearity i s  less marked than for^Vg //\yOg,
( Wasserman et al 1967 )• This metabolic acidosis resu­
lts in respiratory compensation, in c r e a s in g  alveolar ven­
tilation to eliminate th e  e x t r a  COg produced. Since this 
is the case, the rectilinear part of the slopes ( which 
is somewhat equivalent to submaximal part of exercise ) 
is ta k e n  to m easure t h e ^ g  A O g  /^OOg. (  Rebuck
e t  a l  1972 ) .
Similarly Wasserman e t  al 1975 and Kalson e t  al 1971 
found that during p ro g re s s iv e  cycle e rg o m e te r exercise, 
there is no increase in blood lactate level until work 
load reaches 50% to 60% of the maximum work load. After 
this threshold is reached, there is a progressive increase 
in blood lactate with in c r e a s in g  workload.
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Ventilatory response to exercise: slope,
Wasserman et al 1967 have shown that with exercise 
at sea-level, ventilation is correlated better ( being 
less variable and more linear ) with VGOg rather than 
VOg, suggesting that ventilation is geared more closely 
to COg than to Og metabolism. Also Pagraeus et al 1974,
« fshowed that the standard deviation for V^ / VOg was gen-
f •erally bigger at any given work load than for Vj / VCOg. 
Similarly they found that the relationship between V^ / 
VCOg was more linear than between V^ / VOg. These obser­
vations suggest that Vj,in the steady state of exercise, 
has a closer functional coupling with VCOg than with VOg.
Hughes et al 1968, showed that when ventilation is 
expressed in terms of COg output, there is a narrow range 
among normal subjects, variations mainly due to differen­
ces in aveolar ventilatory response to exercise. Subjects 
with lower arterial PCOg have a high ventilatory response 
and vice versa. Jones et al 1966, constructed a seriesI ‘of / A^(^Og isopleths of different slopes for diffe­
rent PaCOg.ct
There are two main factors which determine the^Vp
)VCOg relationship, i.e. tidal volume-dead space ratio 
(VD/VT) and alveolar ventilation. In normal subjects the 
VD/VT changes quite predictably ( Jones et al 1966 ) and 
many workers have shown that PaCOg remains virtually con­
stant throughout the linear part of the ventilatory res­
ponse to exercise, showing that VA is increasing in dir-
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ect proportion to VCOg. Thus the isopleths of Jones et al 
1966 showed that in normals, those having higher PaCOg 
have lower / A  VCOg slopes and vice versa.
It is also reported that the linear increase of Vg,‘ • tVCOg and VOg with work rate, below the anaerobic thresh-Iold is similar under 4 to 6 minutes, incremental work 
( measurements made during last minute of each work rate ) 
and 1 minute incremental work ( continous measurements )
( Wasserman et al 1975 ) • Whipp and Wasserman 1972, in ex­
periments to find the effects of work intensity on time 
course of oxygen uptake during constant-load exercise, 
found that ( with computer display on-line VOg for each 
breath ) VOg steady-state time is reached within 5 minu­
tes at low work rate ( under conditions of steady-state,♦ »VOg and VCOg is linearly related to work rate ). Thus it 
can be seen from this that the realtionships between Vg
I *and VOg or VCOg in progressive exercise tests are ident­
ical to those obtained in steady-state exercise.
In this study both the exercise response slopes
* * M  ^ .P/^VCOg and^Vg /2\V0g ) were linear up to about the 
same workload. This showed that both the slopes are re­
liable as a measurement of exercise ventilatory response 
in this study.
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PCOg, POg and pH changes in arterial blood during exercise.
a) PaOg in exercise.
There is a wide variation of findings reported in 
the analysis of PaOg during exercise. This may be to a 
great extent due to the fact that the examinations were 
made at different work loads in relation to the working 
capacity. Thus a moderate load for one subject is a mild 
load for another. However in most cases, at submaximal 
loads, changes are small except when the load gets heavier. 
Thus Asmussen and Neilsen 1958 and Lambertsen et al 1959, 
found that the Og tension of arterial blood increases du­
ring exercise. On the other hand Lilienthal et al 1946, 
Pilley et al 1954, Holmgren and Linderholra 1958 and Lin- 
derholm 1959 found PaOg to decrease with exercise. Sus- 
kind et al 1950, during continous exercise measurements 
found an initial decrease in PaOg and then an increased 
PaOg. Similar results were obtained by Barr et al 1964, 
who found an initial decrease, followed by an increase 
and a plateau. However Mitchell et al 1958, Asmussen 
and Neilsen I960, Matell 1965, Bejours 1964, Wasserman 
et al 1967 and. Whipp and Wasserman 1969 did not notice 
any significant changes in PaOg from control to high loads 
of exercise. There is a wide acceptance of the fact that 
during moderate exercise, PaOg does not change appreciably 
so as to contribute a significant factor in exercise hy- 
perpnea. This however does not mean that the hypoxic 
chemoreflex drive during exercise is unchanged or decre­
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ased. Increasing the PaOg by Og administration signifi­
cantly decrease ventilation ( Asmussen and Neilsen 1946 ), 
the decrease being more so as the work gets heavier ( La­
mbertsen et al 1959, Bannister and Cunningham 1954 )«
Since PaOg does not fall with exercise and as it is 
shown that there is an oxygen chemoreflex drive during 
exercise, this drive must interact with other factors to 
give this hyperpnea ( Asmussen and Neilsen 1958 )• It has 
been shovm that Og and COg drive are facilitory ( Asmussen 
and Neilsen 1957, and Lloyd 1965 ).
b) PaCOg in exercise.
As with measurements of PaOg, there is a wide vari­
ation of PaCOg reported. Direct as well as indirect mea­
surements shows a decrease, increase and also fluctuations 
of PaCOg with exercise. As with measurements of PaOg, 
this wide variations may be due to the fact that measur­
ements were made at different work loads in relation to 
the working capacity. By direct measurements, in subma- 
ximal exercise, Enghoff 1958, Hickham et al 1951 and 
Holmgren and Linderholm 1958 reported an increase in art­
erial PCOg whereas fluctuations within normal range of 
variation in PaCOg were reported by Liliethal et al 1946, 
iSuskind et al 1950, Pilley et al 1954, Asmussen and Neilsen 
1956 and Linderholm 1959. Dejours 1964 and Matell 1965 
reported a slight increase in PaCOg using a direct meas­
urement. Indirect PaCOg measurement by Taylor 1941 and
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Gomroe 1944 showed a decrease whereas Bannister et al 1954 
showed an increased value.
There is however general agreement that during exe­
rcise there is a slight increase in PaGOg from control 
levels to moderate exercise.
c) Arterial pH in exercise.
Here there is a wide agreement with the fact that 
pH does fall during exercise. In moderate exercise, Matell 
1965, Hughes et al 1968, Dejours 1964, Barr et al 1964, 
reported falls in pH, The pH decrease is slight in mild 
exercise, the fall being more prominent with exercise in­
tensity ( Dejours 1964 ), with slight shift to acidosis 
occuring during moderate exercise ( Galdston and Wollack 
1947, Hickham et al 1951, Pilley et al 1954, and Asmussen 
and Neilsen 1958 ) and increasing fall in pH with higher 
loads ( Mitchell et al 1958, Holmgren and Linderholm 1958, 
Lambertsen et al 1959 ). However Wasserman et al 1967 
does not find any significant change in pH during moderate 
exercise.
In most of the findings there is also general agree­
ment that the arterial gas tensions and pH of the arterial 
blood does not show any change in the first half minute 
from rest to the beginning of exercise.
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Effect of body temperature on exercise ventilation
There is a rise in body core temperature with 
exercise, the magnitude of the increase increasing 
with increase in work load. Whipp and Wasserman 1970, 
showed that with a change in body temperature (from 
normotherraic to hypothermic, difference of l.l^C) 
at the beginnings of progressive exercise tests, there 
were no differences in pulmonary ventilation dependent 
on levels of body temperature. This suggests that 
during exercise body temperature is not an independentI f «stimulus to ventilation. VOg, VCOg and VE were
found to be not significantly different during the
two temperature experiments doing the same work load.
They also found that there was no correlation between
VE/VCOg during exercise and temperature over a rectal
temperature range of 5°C.
Petersen and Christensen 1973? suggested that
hyperthermia by itself or acting with other stimuli
might be an additional ventilatory drive in moderate
load exercise at body temperature range of 35*5°C to
37.8°C, both VE/VOg and VE/VGOg is constant for
different loads. However, with hyperthermia at 38,5^C
both VE/VOg and VE/VGOg were higher compared with
» 'normotherraia, (as a result of decreased VOg and VCOg 
with hyperthermia, VE remaining about constant at 
the same work load), suggesting that the body 
threshold to be
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near 58^0, above which hyperventilation is seen.
Grodins 1950, regarded temperature as a separate 
stimulus which is additive to the other stimulus.
Cotes 1955, also suggested that temperature in 
exercise has an additive effect.
Cunningham and ORiordan 1957, showed that by 
rising body temperature by l^G, ventilation and the 
ventilatory response to COg increases. When core 
body temperature rises, at rest by l^C, ventilation 
begins to rise (Barltrop 1954).
Holmgren and Mcllroy 1964, found that in an ex­
periment of stepwise increase of load up to an average 
load of 1200 kpm/min. and lasting about $0 minutes, 
the average rise in blood temperature was 1^0 (range 
0.2°C to 1.6°C). In moderate exercise, since there 
is a smaller increase in core body temperature,(about 
0.5°C to 0.4°C) for this to be effective stimulus, the 
thermoventilatory sensing mechanism must increase its 
sensitivity with exercise. By increasing the core 
body temperature by 0.9°C (from 57.5°G to 58.2°C),
Henry and Bainton 1974, showed that there is no change 
in ventilation, suggesting that core body temperature 
increase does not contribute to the hyperpnea during 
moderate exercise.
The time profile of temperature increase does not 
support the contribution of temperature as an independ­
ent stimulus to ventilation in moderate exercise. The 
pulmonary ventilation becomes stable after a few minutes
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whereas body temperature continues to rise to a stable 
level after about 30 minutes (Robinson 1963).
It can be seen that in mild to moderate exercise, 
body temperature seems not to be an effective factor in 
exercise hyperpnea. However, in prolonged and heavy 
exercise, temperature increase is a true stimulus con­
tributing to exercise hyperpnea. The temperature 
threshold of 38^0 (Petersen and Christensen 1973) seems 
quite artificial, thus in its natural form, the effect 
of temperature in exercise hyperpnea is not so abruptly 
divided.
In this study, measurement of body temperature is 
not made. Since the study is conducted in a room with 
a controlled constant temperature, (23^0 to 26°C) there 
is no great variation of surrounding temperature.
There is wide agreement that during moderate exercise, 
there is no significant increase in core body temperature 
to affect ventilation. As measurements of the exercise 
slopes in this study is done only at mild to moderate 
exercise, it can safely be assumed that core temperature 
would not affect the exercise response slopes. Sim­
ilarly there is no significant increase in temperature 
during the hypercapnie and hypoxic drive tests, thus 
not effecting the respective results.
Correction for lung size in COg rebreathing test.
Rebuck et al,, 1974, suggested that the interin­
dividual variations in COg response may be due to body
115
size as reflected by vital capacity. When ventilatory 
response was expressed in % VC/min per mm Hg PCOg, the 
range of ventilatory response was reduced by 50%. Lyall 
and Cameron 1974, found a positive correlation between 
vital capacity and responsiveness towards COg. However 
Patrick and Howard 1972, did not find any correlation 
between the two.
In this study, vital capacity was not correlated 
with responsiveness to COg as well as response towards 
exercise ( expressed both as COg produced and Og uptake ). 
However, "correction" for vital capacity or "lung size" 
for COg response was done to see if there was still a 
significant relationship between "S" and exercise response.
After correction for "lung size", there was still a 
significant correlation between "S" and exercise response, 
but there was no improvement in the correlation coeffici­
ent value.
The findings that there is no correlation between 
lung size as expressed by vital capacity and exercise 
response shows that the responses shown in the subjects 
is not due variations in lung size. In other words, the 
higher or lower response to COg and exercise is not due 
to lung size.
Similarly there was no correlation between "S" and 
exercise response with body weight.
Maximum oxygen uptake: VOg max.
Maximum uptake of oxygen, expressed in litres per
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used as an index of physical fitness.
Amongst the many studies carried out, there are 
»wide variations in VOg maximum between groups as well 
as between individuals in different countries (Irma 
Astrand I960, Gumming; 196?, Ekblom and Gjessing 1968, 
Ikai and Kitagawa 1972, Lars-Hermansen 1973). It is 
found that athletes or trained subjects show a higher 
VOg max. than an untrained individual, (Astrand and 
Christensen 1964, Byrne-Quinn et al., 1971, Lars- 
Hermansen 1973). Within individuals VOg max. increases 
with age, reaching maximum value at an average of 20 to
minute, is a measurement of the maximal aerobic power -K/of an individual (or the maximal rate of aerobic energy
liberation) during physical work breathing air at sea 4
level. In other words it is the highest oxygen uptake
an individual can attain doing physical work. It is
a measure of the functional capacity of the respiratory fsiand circulatory systems (Taylor et al., 1955, Saltin |
et al., 1968). Since for every litre of oxygen con­
sumed in combustion, 4.7 to 5.05 kilograms calories 
are liberated, during work, measurement of the oxygen 
uptake estimates the amount of aerobic energy transfer.
The higher the maximal oxygen transport, (maximal 
aerobic power) the greater the potential energy out- 4Iput. A higher oxygen transport capacity also means /
that a given energy output can be achieved with relat- - %: f'ively less physiological strain. Thus it is often 31a
!
#1
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25 years, then declines (Astrand and Christensen 1964, 
Mitchell et al., 1958, Lars-Hermansen 1973)-
The measurement of maximal oxygen uptake during 
various sporting activities have been studied by several 
workers. VOg max. has been found to be consistently 
higher doing bicycle ergometer compared to treadmill 
exercise (either walking or running) (Faulkner et al., 
1971, Hermansen et al., 1969). This may be due to the 
greater use of large muscle groups in treadmill than 
in cycling. Even in treadmill exercise, Stamford 1975 
found that VOg max. for walking significantly was lower 
than for running.
In this study, it was found that the VO^ max. for 
the trained subjects to be significantly higher than for 
the untrained subjects. Since there is a difficulty 
in obtaining a group of similarly trained subjects, 
subjects undergoing different types of training were 
chosen. Thus in this study, there were 6 marathon 
runners, 2 weightlifters and 2 highly trained in various 
sports (football and rugby). The fact that they all 
exhibit significantly higher VO^ max. shows that they 
were quite fit during the study.
However, it has been shown that training does 
increase an individual's VOg max. as shown by Kearney 
et al., 1976. In a study of sedentary college women, 
there is an increase in VOg max. with training. The 
training v/as done at two different intensities, and
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it was also shown that at lower training intensity, 
the VOg max. increase was lower than at higher intensity- 
training. Conversely bed-rest has shown to decrease 
VOg max. (Saltin et al., 1968, Taylor et al., 1949, 
Stremel et al., 1976).
Thus an athlete's performance is probably genet­
ically controlled, but whether they show a lower COg 
response (Byrne-Quinn et al., 1971) due to prolonged 
training or to genetics is not known. Whether VOg max. 
used as a "fitness index" is due to genetic factor is 
still unknown, but training by a normal would only
increase his VOg max. at the most by 20% (Astrand and
Rodahl 1970).Prediction of VOg max.
The use of prediction of VOg max. from submaximal 
exercise have been widely used (Astrand and Rhyming 
1954, Margaria et al., 1965, and Von Doeblen 1967).
Errors are small when compared with actual measurements 
made from maximum work. Margaria et al., 1965, in step- 
exercise, predicted VOg max. using a nomogram and found 
i 7% variability in their results. Von Doeblen et al.,
1967 found a 10% error in their studies.
The study was done using progressive exercise and 
the subjects asked to continue as long as possible.
This would result in some subjects with motivation to 
continue until maximum effort, whereas others would 
stop without reaching maximum work. Thus it is not 
possible to know the VOg at maximum work for all the 47
subjects. Thus it is necessary to predict VOg max.
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from submaximal work using ASTRAND and ASTRAND VOg 
MAX PREDICTION TABLE from SUBMAXIMAL WORK ( Appendix I ). 
To use this table the assumption made must be that the 
maximum heart rate is from 190 to 200 beats per minute* 
Correction must be made for age, but since the 47 
subjects range from 18 years to 28 years old, there is 
no corrections needed for age. There is an error of 
10% using this method ( Astrand and Rodahl 1970 ) when 
compared with actual VOg max, obtained from maximum work,iThe prediction table shows VOg max. when work load 
is related to heart rate and vice versa. Since there 
are numerous values which can be obtained, a standardised 
method is used. The heart rate used is between 165 beats/ 
min, to 170 beats/min, and the corresponding nearest load 
obtained in the study is taken to get the VOg max. 
Corrections for body weight are made using the table in 
Appendix II,
Sensitivity to hypercapnia and hypoxia with exercise 
response.
a) Response to COg at rest and exercise response.
In this study it is found that, in all the 47 
normals, those showing a higher sensitivity to carbon 
dioxide rebreathing at rest also shows a higher vent­
ilatory response to exercise as measured by COg output 
and Og uptalie. Thus in this study, Rebuck et al’s 
1972 results have been confirmed in a larger group of 
people. The 47 normals consist of 10 well-trained 
subjects ( still undergoing training ) and 57 healthy
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men, not undergoing training or having any previous |-ctraining. Within the group of untrained subjects, |
as well as in the trained subjects this relationship |
of those having greatest response to COg showing |%greatest response to exercise, also stands. It is |
also found that the trained subjects showed a signif- i
icantly lower response to COg rebreathing than in un­
trained. (p=<0.001). The response to exercise, 
when exercise is expressed in both VOg and VOOg, is 
also significantly lower in the trained than the un­
trained subjects. There are also significant negative 
correlations between VOg max. and COg response and 
between VOg max, and exercise response. These find­
ings are in accordance to that of Spiro et al., 197^ '
who suggested that the linear part of the slope ofI *AVg/hVOg could be an index of physical fitness. Since 
the linear part of A  Vp/aVCOg slope follows closely to 
that of ^ Vg/^VOg, this fitness index can be applied 
to AVg/AVCOz too.
Matell 1963, showed that there was a fall in pH, 
a slight increase in PaCOp and an unchanged Og sat- j
,'îuration (hence arterial PCOp)of the blood during moder- 3
ate exercise. The same subjects underwent COp breathing i
experiments at rest. Apart from the very fast increase 
in ventilation during the first 30 seconds of exercise 
(the fast component), he showed that the slow rise (the 
slow component) in ventilation can be accounted for by 
a corresponding rise in (H*). This relationship of
A
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ventilation rise and (H^) increase is similar to the 
one obtained during COp breathing at rest. He con­
cluded that the whole part of the slope component of 
exercise can be accounted for the increase in (H^).
Dejours 1964, measured the blood PCOp and pH 
during moderate exercise and found that the fall in 
pH is greater than that expected from the PaCOp in­
creases observed. This is in accordance with Matell's 
1963 findings.
Cunningham 1963 used data from other workers to 
calculate the role of chemical contribution towards 
exercise. He calculated the average values of pH and 
PaCOp from various workers to see what would happen to 
ventilation if these average values were to be theor­
etically transfused into resting man. He found that 
these chemical factors contribute to only 60^ of ex­
ercise ventilation. Even though corrections were made 
for body temperature, subjects doing different types of 
exercise and sitting or lying at different positions, 
there is still a wide variation in his subjects' 
response to exercise as well as their response to COp 
at rest. The ventilatory response to COp in these
— 1 _isubjects (range 1.5 to 7.0 L min mm Hg COp with a 
mean value of 4)is still higher than reported in most 
studies)'.
In progressive load experiment leading to a maximum 
and prolonged steady work lasting about 50 minutes, 
Davies et al., 1965, found that the chemical contrib­
ution to exercise hyperpnea become less as the exercise
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gets longer. As the exercise takes a long time to %
complete, the effect of body temperature (Holmgren and
Mcllroy 1964, Petersen and Christensen 1973) and body
catecholamine output may play a part in the hypernea ^
(Cunningham et al., 1963, Heistad et al., 1972, Keltzb fet al., 1972), especially towards the later part. |
Response to hypoxia at rest and exercise response.
In this study, 10 normals (untrained) were studied S
for their response to oxygen lack. There is good 
correlation found between hypoxia and response towards S
exercise, those showing* the lowest response to hypoxia 
also shows lower response to exercise. There is also 
a significant negative correlation between VOp max. and #
hypoxic drive. There is no study here done to see the ||khypoxic response in athletes. However, since there is 
an overlapping of VOg max, in th e s e  10 untrained with 
that of the t r a in e d ,  it can be seen that those under­
going the hypoxic test had a varying degree of fitness.
Since VO2 max. is taken as an index of fitness, it can 
also be said that those who are fitter also shows a
lower response to hypoxia. Similar findings by Byrne- 1
iQuinn e t  a l . ,  1 9 7 1 , has shown t h a t  th e re  is  a s i g n i f i c a n t -  d
l y  lo w e r  h yp o x ic  response a t  r e s t  in  a t h le t e s  (who had
significantly higher VO2 max, than controls) compared 
to controls (non-athletes) at rest.
The lower response to hypoxia has been demonstrated 
in high-altitude inhabitants by several workers (Chiodi 
1957, Weil et al., 1971, Severinghaus et al., 1956).
These high-altitude inhabitants too show a lower pot-
...................J
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entiation of hypoxic drive during exercise when compared 
to sea-level dwellers.
Hypoxia drive in exercise.
The presence of hypoxia drive during exercise in man 
is shown when ventilation decrease as 0^ is admin­
istered during exercise ( Bannister and Cunningham 1954, 
Asmussen and Nielsen 1946 ) more so with increasing 
intensity. The reaction is so rapid that an effect 
via the chemoreceptors in the carotid and aortid bodies 
is assumed, with the contribution to ventilation about 
12 to 20^ ( Dejours 1959 )• The threshold which this 
occurs is above Pa02~200 mm.Hg. ( Cunningham 1965, 
Kozlov/ski et al 1971 )• This occurs despite the fact 
that PaOg remains at a constant normal l e v e l  during 
exercise.
The presence of lower hypoxic response thus dim­
inished chemoreceptor function in trained subjects com­
pared to untrained was shown by Briggs 1920, who found 
that with pure Og inhalation, the trained subjects' 
reduction in ventilation is lower than that of the un­
trained.
It has been shown that the ventilatory response to 
hypoxia is enhanced by exercise in both acute and chronic 
hypoxia ( Pugh et al 1964 and Cunningham et al 1968 ) 
and in acute hypoxia by Weil et al 1972, and more so 
with increasing intensity. The peripheral arterial 
chemoreceptors are enhanced such that they
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respond more to a given level of oxygenation than at 
rest.
Byrne-Quinn et al., 1971, has shown that athletes 
(who have significantly lower hypoxic drive than in 
controls), and ndrmals showed the same magnitude of 
increase in hypoxic drive during exercise. This also 
suggests that the low hypoxic responders have: the same 
magnitude of peripheral chemoreceptor enhancement during 
exercise as the high hypoxic responders. Biscoe and 
Purves 1967, have shown that with passive exercise in 
cats in normoxia, there is an increase in carotid body 
activity. Thus it is postulated that during exercise 
there is an increase in carotid body activity or an 
increase in "gain" of the central integrating mechanism 
(Byrne-Quinn et al., 1971).
Ventilatory response to GOg during exercise.
Asmussen and Neilsen 1957, found that there is no 
significant change in slope of ventilatory response to 
CO2 during rest and exercise. However, there is a shift 
towards the left in exercise Clark and Godfrey 1969 found 
a small decrease in CO2 response in steady-state exercise 
when compared to rest, but suggested that in their pro­
posed model, there is no change in COg sensitivity in 
exercise. However, Cunningham et al., 1965^and Weil 
et al., 1972, have shown that there is a significant 
increase in COp response during progressive exercise when 
compared to rest, the increase becoming more significant 
with increase in exercise intensity.
125
At present, it is very difficult to say whether
there is augmentation of COg response in exercise or
not. However, the significant results of Cunningham
et al., 1963 and Weil et al., 1972 weighs favourably a
on enhanced response to COp during exercise.
Response to COg at rest in trained subjects.
In this study, the 10 trained subjects showed a 
significantly lower COg response when compared with the 
37 untrained. Similar findings have been reported by 
Rebuck and Read 1971, Byrne-Quinn et al., 1971 and 
Leitch et al., 1975. The main problem is whether it 
is a hereditary factor or as a result of prolonged 
training. Leitch et al., 1975, measured the COg response 
in a pair of identical twin athletes who were undergoing 
similar intensive training. They found that both had 
similar lov; ventilatory response to COu; when compared 
with non-athletes, their COg response was lower.
Saunders et al,, 1976 in a study of teenage swimmers, 
found a strong relationship betweenAV^/APnCOp in siblings 
in the same family which was independent of age, sex or 
training. Even though environmental factors are common, 
the findings that there was no correlation between these 
COg responses and that of the father, but with that of 
their mother, suggested that genetic factors may be 
important.
Circumstantial evidence for comparison with athletes 
are discussed below to show whether COg responsiveness
is genetically acquired or could be acquired through
to COg in normal man.
1
126
prolonged exposure to COp. r
Arkinstall et al., 1974, in a study of 17 pairs v
3of monozygous and 13 pairs of dizygous twins, showed Ithat there is no significant difference in the intra- i
pair variance of ventilatory response to COg between %
the two groups. (The intrapair variance between the 
groups was used to estimate the contributions of her­
editary and environmental factors contribution to COg A
response). They concluded that the variability in j
the COg response can be attributed to environmental 
rather than genetic factors. This variability between 
twins was due to frequency response (which was due to |
personality factors) and tidal volume response which 
was largely determined by genetic factor.
The findings of Beral and Read 1971 of a low %
ventilatory response to COg in the Engas in New Guinea 
and the lower variability of response between individ­
uals when compared to that of healthy Caucasians, led -éIthem to suggest that genetic and racial factors account f
for the marked variability of the ventilatory response
’• IThe two major factors which determine a subject’s |
ventilatory response to COg are the tidal volume response 
(Rebuck et al., 1974) and lung size (Cross et al., 1933, 
Rebuck et al., 1974, lyall and Cameron 1974). It was I
shown by Arkinstall et al., 1974, that the tidal volume 
response is largely genetic in nature. In addition, 
lung volume, as expressed by vital capacity, is influenced 
by genetic factors, (Arkinstall et al., 1974). Thus
5
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genetic factors are important in the determination of 
one's COg response.
However, lowered COg response can also be attributed 
to constant prolonged exposure to high PCOg. Schaefer 1935, 
in a study of submarine escape tank instructors (essentially 
breath-hold divers), found their 00^ responsiveness to be 
lower than non-divers. However, in another study, Schaefer 
1965 found that the COg responsiveness returned towards no­
rmal when the divers did not do any diving for some months, 
but returned to a low COg response when diving resumed. 8ong 
et al.,1963, found that diving women in Korea have a lower 
COg response than normals. Similarly, Lally et. al.1974, re­
ported a low ventilatory response to exercise which they su­
ggested as due to lower COg response, in divers. Prom these 
facts it can be assumed that intensive breath-holding does 
induce reduced chemosensitivity to COg.
Î 4Anaerobic threshold in exercise ventilatory response
Prom Tables 2-3a and 2-3b, it can be seen that in the 
2 non-trained amd 2 trained subjects chosen as representative 
the VOg is quite similar at similar loads. This was true for 
all the 47 subjects studied. The only difference between the 
trained and untrained subjects was the load at which AVE/AVOg 
andi&VE/AVCOg relationships become non-linear (Table 2-5). 
This load in the table is the 'Load Limit'.
There is a significant difference (p= <0.001) of the 
point where there is a break in linearity in the ven-
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tilatory response slopes ('anaerobic threshold') in 
trained and untrained subjects* The break occurs at 
lower loads in the non-trained subjects when compared 
with the trained. This is in accordance with the find­
ings of Wasserman et al., 1973 who found in normals 
between 17 years and 91 years old, the anaerobic thres­
hold to vary from 43 watt or 270 kpm/min. (VOgsl L/min) 
to very fit adults of up to a maximum of 180 watt (1030 
kpm/min). In this study, there is a range of "fitness" 
in the untrained and the range of load at which this 
"break" occurs range from 700 kpm/min. to 1100 kpm/min.
In the trained subjects this "break" occurs in a narrow 
range of 1100 to 1200 kpm/min. Since it is difficult 
to say at which load is the maximum work done, this 
"anaerobic threshold" cannot be quantitated in terms of 
% maximum work.
However, from the predicted VOg max., it is possible 
to express (from VOg at which load this AT occurs) the % 
of maximum oxygen uptake where AT occurs. It has been 
found that this ranges from 63 to 730 of aerobic capacity 
thus in general agreeing with the findings of this study.
9When VOg at which anaerobic threshold occurs isf-expressed as % of VOg max. there is a range of between 
360 to 900. There is no significant difference between 
the trained and the untrained as far as this 0 is con­
cerned; (untrained-mean 72.4, SD 8.6; trained-mean 
77.19, SD 3.93). Only 8 subjects (1 trained and 7 
untrained) out of 47 subjects have a value of 800 to 900
" " :'3
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and 1 t r a in e d  a t  9 0 0 . T h is  a g re e s  q u ite  w e l l  w i th  o th e r  
T id in g s  t h a t  th e  a n a e ro b ic  th r e s h o ld  is  ab o u t 550 t o  750
Stof total aerobic capacity. 
V^Prom this one can see that the anaerobic threshold is %
at around the same percentage of VOg max. But this 'break* 
occurs at a lower absolute workload in non-trained than the %
trained subjects. Hermansen 1971 found similar results and ^
Wasserman et al.,1975 suggested that this criteria may be 
used as a fitness index. ( Pig. 2-18 )
Chemosensitivity and exercise ventilation.
In this study, there was a significant correlation bet­
ween response to hypoxia and to hypercapnia, suggesting re­
lated peripheral and central chemosensitivities. Significant 
correlations are obtained too between these chemosensitive 
responses and exercise ventilation. Circumstantial evidence 
is presented below to discuss these correlations.
It is widely known that the carotid body is responsible 
for the hypoxic drive in man. Bugliani et al 1974, has shown
that bilateral removal of carotid body resulted in the absen­
ce of hypoxic drive. Guz et al, 1966 showed that after vagus
: »and glossopharyngeal nerve block, A is reduced. Holton and ^ 
Wood 1965 showed absent hypoxic drive after glomectomy in 
patients. Wade et al 1970, showed that denervation of the 
glomus caused significant loss of hypoxic drive.
The main response to hypercapnia is mediated cen-
In a single subject, Mitchell and Singer 1965, estimated 
that the central chemoreceptive areas to be 3.4 times 
as sensitive to H"** changes than the peripheral chemo­
receptors. Denervation of peripheral chemoreceptors 
would cause a 200 decrease in COg response slope in his 
subject if no compensatory changes occur. This leads 
Sorensen and Severinghaus 1968 to conclude that 200 to 
550 of the ventilatory response to COg is mediated via 
the peripheral chemoreceptive areas. Byrne-Quinn et al., 
1971 also obtained this magnitude of ventilatory reduction 
in COg response in his athletes compared to his normal 
control. In this study, the trained subjects show a
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trally via the medullary chemoreceptors (see Section 
lA). Sorensen 1971 has shown that COg stimulates 
ventilation through its effect on both peripheral and 
central chemoreceptive areas. The relative contribution 
of each to the total ventilatory response to COg is 
difficult to determine, however, the contribution of 3-
the peripheral chemoreceptors can be predicted from ï|
results obtained by Lambertsen et al., 1961 and Mitchell 
and Singer 1965. Lambertsen et al., 1961 did this by IIkeeping the blood pH constant in his subjects by in- p
A
fusing alkali whilst they were undergoing CO breathing.
They found a 550 reduction in the COg response slope 
when compared with controls. Assuming the effect of rg
arterial pH to be entirely mediated by the peripheral f
chemoreceptors, it would suggest that in the absence of 
the peripheral chemoreceptor sensitivity, the COg
iresponse slope would be reduced by 550 in an individual, %
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mean reduction of 440 in COg response compared with 
that of th e  untrained subjects.
The information c a r r i e d  by a f f e r e n t  fibres from  
the carotid body has been shown to  be b o th  h y p e rc a p n ie  
and hypoxic in nature. This was done from  single 
a f f e r e n t  fibre p r e p a r a t io n s  from th e  carotid body by 
Biscoe et al., 1969. The relationship of reduced  "S" 
and "A", was shown by Sorensen and Severinghaus 1968 
i n  high altitude natives who have reduced  hypoxic d r iv e  
showed a reduced response to a single b r e a th  o f  COg 
suggesting diminished p e r ip h e r a l  chem oreceptor function.
In this study, it shows th e  d im in is h e d  p e r i p h e r a l  chemo­
r e c e p t o r  function (thus probably medullary ch em o rece p to r)  
in a t h l e t e s ,  when compared to the u n t r a in e d ,  as far as 
COg is co n cern ed . There is also a s i g n i f i c a n t  cor­
relation between response to hypercapnia and to h y p o x ia  
in this study and in S e c t io n  lA .  At p re s e n t  one cannot 
say w h e th e r  this alteration i s  in the f u n c t io n  o f  carotid 
body i t s e l f  o r  in th e  c e n t r a l  integration o f  its a f f e r e n t  
impulses.
The p resen ce  of an in c re a s e d  chemosensitivity during 
exercise was shown when the depression of ventilation 
produced by oxygen inhalation during exercise is greater 
th a n  that when at r e s t  (Asmussen and N e i ls e n  1 9 4 6 ,
Dejours 1964, Hickman e t  al., 1951)- Weil e t  al.,-1972  
did a quantitative e x p e r im e n t to  d e te rm in e  to  what e x te n t  
this argumentation of chemosensitivity c o n t r ib u t e s  to  
the hypernea  of e x e r c is e .  Measurement of hypoxic and 
h y p e rc a p n ie  drives were made during e x e r c is e  and at r e s t .  
The r e s u l t s  show an in c re a s e d  COg and hypoxic re sp o n s e , even
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with mild exercise with more marked response at higher i
work loads. Increase in COg sensitivity with exercise !
icompared to that at rest has been reported by Hickman iet al., 1951, Bannister and Cunningham 1954, Cunningham 1
et al., 1965. This increased chemosensitivity in aexercise would partly explain f o r  some of the 400 o f  
ventilation left unaccounted f o r  in Cunningham's 
calculation (Cunningham 1963) as well as Davies' de­
creased role of humoral f a c t o r  in prolonged exercise.
It is not certain whether the in c re a s e d  chemo­
sensitivity during exercise is due to c e n t r a l  or per­
ipheral causes. However, experiments by Biscoe and 
Purves 1967 with anaethesied cats showed an immediate 
increase in carotid body a c t i v i t y  when passive e x e r c is e  
was p e r fo rm e d . These enhanced c a r o t i d  body a c t i v i t y  
disappears when the c a r o t i d  body sympathetic nerve 
supply was cut, suggesting that th e  enhanced chemo­
sensitivity during exercise is due to increased 
sympathetic n erve  a c t i v i t y  to th e  c a r o t i d  bodies.
However, e x p e rim e n ts  on patients who had bilateral 
c a r o t i d  body removal showed that t h e r e  was no enhancement 
of ventilation on exercise ( L u g l i a n i  e t  a l . ,  1971). |
Weil et al., 1972, suggested t h a t  the increased 
s e n s i t i v i t y  to  both COg and hypoxic drives in e x e r c is e  
when compared to resting conditions is a t t r i b u t a b l e  to  
an increased peripheral c h e m o s e n s i t iv i t y .  As it has |
been shown that athletes have lo w e r  COg response than 
norm als and during e x e r c is e  the in c r e a s e  in v e n t i l a t i o n
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with hypoxia is the same in both groups (Byrne-Quinn 
et al., 1971), it would suggest that the increase in 
sensitivity of the peripheral chemoreceptor would be 
similar in both. |
The f in d in g s  i n  t h i s  s tu d y  o f  s u b je c ts  w i th  low  
chemosensitivity showing low e x e r c is e  v e n t i l a t o r y  
response (and those with g r e a t e r  chemosensitivity show­
ing h ig h e r  e x e r c is e  ventilatory re sp o n s e ) could thus be
e x p la in e d  by th e  s e n s i t i v i t y  o f  th e  p e r ip h e r a l  chemo-
'Ir e c e p t o r s .  I f  one assumes t h a t  o n ly  th e  c e n t r a l  7
cehraoreceptive areas are enhanced by exercise, that 
would explain the COg response and i t s  c o r r e l a t i o n  w i th  
e x e r c is e  v e n t i l a t o r y  re sp o n s e . The c o r r e l a t i o n  shown 
by th e  response to  h y p o x ia  a t  r e s t  w i th  e x e r c is e  
v e n t i l a t o r y  response does suggest in v o lv e m e n t with 
enhanced carotid body a c t i v i t y  w i th  exercise as well.
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SECTIOH 5
THE BREATHING PATTERN IW 
NORMAL SUBJECTS.
were studied during CO^ rebreathing, progressive hypoxia 
and progressive exercise. The data obtained was analysed
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INTRODUCTION
The mechanism of regulation of breathing pattern 
has been analysed in several forms f o r  many years.
Hey et al,, 1966 and Euler et al., 1970 studied ven­
tilation, tidal volume and respiratory f re q u e n c y  o r  its 
reciprocal, and total breath duration (T^^^ ).
Later the total breath duration was further sub­
divided and its components, inspiratory duration (T. )irisp #
and expiratory duration (T  ) was studied by v a r io u sexp •
w o rk e rs .  Thus Clark and Euler 1972 studied the duration 
of i n s p i r a t o r y  and expiratory phases in man and cats 
during COg rebreathing. Cunningham and Gardner 1972 
s tu d ie d  the relationship between tidal volume and mean 
i n s p i r a t o r y  and e x p i r a t o r y  times in man during steady- 
state COg b r e a t h in g .  Jennett et al., 1974 studied th e  
mean duration of i n s p i r a t i o n  and expiration in man during 
COg rebreathing, early phases o f  e x e r c is e  and s t e a d y - s t a t e  
hypoxia.
Rebuck e t  al., 1976 studied d u r a t io n  of b re a th s  
during progressive hypercapnia and hypoxia and Kay et a l . ,  /j
1975 studied bo th  th e  mean and b r e a th  by b r e a th  b r e a th in g  1
pattern in man during s t e a d y - s t a t e  exercise and steady- 
state h y p e rc a p n ia .  Î
In this s tu d y ,  th e  b r e a th in g  p a t t e r n  with i t s  com- p
p o n e n ts , TE^g^^ (inspiratory time) T^^ ( e x p i r a t o r y  |
time), T^Q^^ (total breath d u r a t io n )  and tidal volume "I
-W
136
to  see if there was any difference in the breathing 
pattern with th e  different ventilatory stimuli.
Methods.
This study was done in c o n ju n c t io n  with those 
in Sections lA and 2. Progressive hypercapnia,
progressive hypoxia and progressive exercise tests i1carried out were those c a r r i e d  out in the previous %
sections. The breath duration was ta k e n  from the
tracings of v e n t i l a t i o n  recorded as breath by breath 
tidal'volume measurements.
Tidal volume measurements for the hypercapnia and 
hypoxia studies were o f  expired tidal volume w h i l s t  
those for exercise studies were o f  inspired volume.
Treatment of d a t a .
A typical trace for this experiment is shown in 
F i g . 3 - a .
The whole d u r a t io n  o f  the experiment was divided
into 30 second i n t e r v a l s .  4 breaths were ta k e n  from
each s e c t io n  and the mean tidal volume, T. , T’ insp.’ exp.
and from these, the T^^^ were calculated.
Irregular b r e a th s  were excluded if:
a) Tidal volume was 1,5 times that of th e  mean t i d a l  i 
volume value.
b ) T. was twice t h a t  of the mean T. „ v a lu e .. insp.
c) Misrecording occurred (e.g. when s u b je c ts  coughed, 
electrical r e s e t t i n g  on e le c t r o s p i r o m e t e r ) .
CM
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RESULTS
a) Progressive hypercapnia
In all the 10 s u b je c ts  studied, there was a 
significant progressive shortening of breath duration 
with increasing PCOg. Both tidal volume (in this case 
expired tidal volume) and breathing frequency increased 
with rising PCOp. The shortening of the total breath 
duration (T^^^ ) was mainly due to the shortening of 
expiratory time (T ), whilst inspiratory timeexp e
(Ti^sp ) remained constant. There was a significant 
shortening of T ^ ^  with increasing in all the 10 
subjects. In range 1, T^^^ was constant w ith  in­
creasing tidal volume, (Pigs. 3-1 and 3-2, Tables 3-1 
and 3-2). Thus 9 subjects showed the range 1 through­
out the whole duration of rebreathing. Only one sub­
ject (subject DM1) showed both range 1 and 2. In  
range 2, increases in tidal volume after 2.5 times
eupnoeic value resulted in shortening of T.° insp.
( P i g .  3 - 3 ,  T a b le  3 - 3 ) .
b) Progressive hypoxia.
All the 10 subjects studied showed shortening 
of breath duration with increasing tidal volum e. As 
with p ro g re s s iv e  h y p e rc a p n ia  and progressive exercise, 
this shortening was mainly due to the significant 
shortening of expiratory time, with i n s p i r a t o r y  time 
being constant. 9 s u b je c ts  showed range 1 throughout 
the duration of the t e s t .  (P ig s .  3-4 and 3-5, Tables
T■ insp* ® T exp to1
mean. 8D 83 mean. 8D 83
1 .1 5 3 1 .2 3 0 .1 2 0 .0 7 2 .7 4 0 .2 8 0 .1 1 3 .9 9
1 .4 6 7 1 .2 3 0 .1 0 0 .0 3 2 .4 1 0 .2 0 0 .1 0 3 .6 3
1 .7 4 1 1 .1 4 0 .0 8 0 .0 3 2 .3 7 0 .2 1 0 .0 9 3 .5 1
1 .9 1 1 1 .2 7 0 .0 7 0 .0 6 2 .1 0 0 .1 8 0 .1 1 3 .3 7
2 .2 1 6 1 .2 8 0 .0 4 0 .0 3 1 .8 6 0 .2 0 0 .0 4 3 .1 4
2 .1 6 9 1 .2 3 0 .0 6 0 .0 2 1 .6 3 0 .2 7 0 .0 4 2 .8 6
2 .4 9 1 1 .2 7 0 .0 3 0 .0 3 1 .4 8 0 .1 7 0 .0 3 2 .7 5
2 .6 7 1 1 .1 6 0 .0 7 0 .0 3 1 .2 1 0 .2 0 0 .0 3 2 .3 7
2 .6 9 0 1 .1 8 0 .1 1 0 .0 4 0 .9 8 0 .1 9 0 .0 3 2 .1 6
Table 3-1@ Data obtained for breath duration 
components and tidal volume during 
OOp rebreathing in subject GD»
N o te . Symbols used in T a b le s  3 -1  t o  3-9*
T tidal volume in litres
T 
T
in s p .  i n s p i r a t o r y  t im e  i n  seconds.
exp.
T t o t
expiratory time in seconds ,  
t o t a l  b r e a th  d u r a t io n  in seconds
I
2.0
(litres)
1.0
Respiratory cycle time (secs)
Tidal volume plotted against respiratory cycle time 
during COg rebreathing in one representative subject.
91 inspiratory time.
A expiratory time.
# total breath duration.
/ ;
mean. 8D 8E mean. SD BE
1 .5 0 0 1 .1 2 0 .2 5 0 .1 5 5 .2 6 0 .4 0 0 .1 5 4 .5 8
1 .1 6 2 1 .1 5 0 .2 4 0 .1 2 2 .8 8 0 .2 1 0 .1 0 4 .0 5
1 .5 4 1 1 .1 5 0 .1 9 0 .0 6 1 .8 7 0 .1 8 0 .0 6 5 .1 0
1 .8 0 7 1 .2 4 0 .1 6 0 .0 5 1 .6 6 0 .2 1 0 .1 0 2 .9 1
1 .8 7 7 1 .1 8 0 .1 5 0 . 0 4 1 .4 8 0 .2 4 0 .0 7 2 .6 6
2 .6 2 7 1 .1 0 0 .1 5 0 .0 4 1 .6 1 0 .1 8 0 .0 5 2 .7 1
2 .5 5 2 0 .9 1 0 .1 5 0 .0 5 1 .5 7 0 .1 5 0 .0 4 2 .2 8
2 .4 5 4 1 .0 5 0 .2 0 0 .0 5 1 .1 8 0 .1 7 0 .0 4 2 .2 1
2 .2 2 5 0 .8 5 0 .1 8 0 .0 4 1 .2 6 0 .1 7 0 .0 5 2 .1 1
2 .4 4 7 0 .9 7 0 .1 0 0 .0 2 1 .1 8 0 .1 4 0 .0 4 2 .1 5
Table 5 - 2 . D a ta  obtained for breath duration
components and tidal volume during 
OOg r e b r e a t h in g  in subject VE.
V«-, ‘ T . T T I% in s p .   ^ e xp . t o t .
1
J
(litres)
Sub. VE
2.5
2.0
1.5
A
1.0
0.5
,2
Respiratory cycle time ( sec )
Fig. 5"*2
Tidal volume plotted against respiratory cycle time 
during COg rebreathing in one representative aubject.
a inspiratory time.
A  expiratory time.
# total breath duration.
a
.1
‘1
1
%
^T T in s p T e x p . T toi
mean. 8D 8E mean. 8D 8E
0,.698 1 .6 9 0 .2 6 0 .1 0 2 .5 0 0 .2 0 0 .0 5 5,.99
0,,772 1 .7 5 0 .5 0 0 .1 6 2 .1 4 0 .1 5 0 .0 4 5,,89
0..981 1 .6 9 0 .2 0 0 .0 7 2 .0 1 0 . 2 0 0 .0 6 5,,70
1,,404 1 .7 0 0 .1 5 0 .0 8 1 .8 0 0 .1 8 0 .0 8 3.,50
1.,716 1 .6 1 0 .1 8 0 .0 7 1 .6 1 0 .2 0 0 .0 7 3<, 22
2,,417 1 .6 9 0 .1 9 0 .0 7 1 .6 8 0 .1 5 0 .0 7 5..57
2,.7 4 9 1 .1 9 0 .2 0 0 .1 1 1 .4 6 0 .1 5 0 .0 5 2.,66
2,,9 5 5 1 .2 6 0 .2 0 0 .0 7 1 .4 9 0 .1 8 0 .0 8 2.,75
5.,081 1 .2 2 0 .1 8 0 .1 0 1 .4 7 0 .1 8 0 .1 0 2,.70
5,.0 9 6 1 .0 6 0 .1 8 0 .0 9 1 .5 0 0 .1 5 0 .0 4 2,,56
Table 5 -5 «  Data obtained f o r  breath duration 
components and tidal volume during 
COg r e b r e a t h ln g  i n  s u b je c t  D M I.
2.0
V,T
(litres)
1.0
I3
5.0
8ub. DMI
Range 2 present.
0 1 2 ) 4
Respiratory cycle time ( secs )Pig. 5-5.
Tidal volume plotted against respiratory cycle time during 
CO2 rebreathing in one eubjeot.
# inspiratory time.
A expiratory time.
® total breath duration.
V T* m mT in s p ,  exp . t o t
mean. 8D 8E mean. 8D 8E
1 .0 0 1 .9 0 0 .2 6 0 .1 0 2 .7 5 0.44 0 .1 4 4 .6 5
1 ,1 2 2 .1 0 0 .1 8 0 .0 8 2 .6 0 0.% 5 0 .0 6 4 .7 0
1 . 5 7 2 .0 0 0 .2 0 0 .1 1 2 .5 0 0 . 2 0 0 .0 5 4 .5 0
1 . 5 0 2 .1 5 0 .1 5 0 .0 6 2.52 0 .1 8 0 .0 5 4 « 42
2 . 0 0 2 .0 0 0 .2 0 0 .0 6 2 .1 6 0 .1 8 0 .0 4 4 .1 6
1 .9 5 1 .9 5 0 .2 2 0 .0 5 1 .7 6 0 .2 2 0 .0 4 5 .6 9
2 .1 8 1 .9 6 0 .1 6 0 .0 4 1 .2 8 0 .1 8 0 .0 6 5 .2 4
2 . 5 0 2 .0 0 0 .1 5 0 .0 6 1 .2 0 0 .1 5 0 .0 5 5 .2 0
Table 5-4a Data obtained for b r e a t h duration
components and tidal volume d u r in g  
p r o g r e s s iv e  h y p o x ia  i n  s u b je c t
Sub ô 5-1
Éti
2.0
(litres)
m
A 8
1.0
a A
A
0.5
0 1 2 5 /&
Respiratory cycle time ( secs )
Fig. 5-4,
Tidal volume V,^ plotted against respiratory cycle time 
during progressive hypoxia in one representative subject,
B inspiratory time.
A expiratory time.
®  total breath duration.
r m  rn m!IV ■ in s p .  ex p . tot,
mean. 8D 8E mean. 8D 8E
1 .5 7 2 .6 4 0 ,5 5 0 .1 1 2 .8 0 0 .4 0 0 .1 4 5 .5 0
1 .7 5 2 .7 0 0 .5 0 0 .1 0 2 .7 0 0 .2 5 0 .0 9 5 .4 0
2 .0 6 2 .6 4 0 .2 5 0 .0 8 2 .5 0 0 .1 9 0 .0 4 5 .1 4
2 .6 2 2 . 6 0 0 .2 0 0 .0 8 2 .5 2 0 .2 0 0 .0 4 5 .1 2
2 .7 2 2.70 0 .1 8 0 . 0 6 2 .1 9 0 .1 6 0 .0 5 4 .8 0
2 .5 6 2 » 60 0 .1 8 0 . 0 6 2 .0 5 0 .1 5 0 .0 5 4 .6 5
5 .0 0 2 .6 8 0 .1 1 0 .0 5 1 .7 8 0 .0 8 0 .0 1 4  « 46
Table 5 - 5 .  Data obtained for b r e a th  duration 
components and tidal volume during 
progressive hypoxia in s u b je c t  5 -2 ,
V,J,
(litres)
.5
5
0 1 2 3 4 5
I
R e s p i r a t o r y  c y c l e  t i m e  ( s e c s  )
Pie. 5-5.
T i d a l  v o lu m e  V^, p l o t t e d  a g a i n s t  r e s p i r a t o r y  c y c l e  t i m e  
d u r i n g  p r o g r e s s i v e  h y p o x i a  i n  a  r e p r e s e n t a t i v e  s u b j e c t ,
a  i n s p i r a t o r y  t i m e .
A e x p i r a t o r y  t i m e ,
#  t o t a l  b r e a t h  d u r a t i o n .
T insp T exp T
mean. 8D BE mean. 8D BE
1.72 2 .0 0 0 .2 1 0 .0 3 1 .7 0 0 .2 2 0 .0 3 3 .7 0
2 . 2 0 2 .1 0 0 .3 0 0 .1 3 1 .6 3 0 . 2 4 0 .1 0 3 .7 3
2 .5 1 1 .9 6 0 .1 8 0 .0 3 1 .3 3 0 .1 9 0 .0 3 3 .4 9
2 .6 2 1 .9 2 0 .1 4 0 .0 4 1 .3 1 0 .1 8 0 .0 6 3 .4 6
3 .1 1 1 .9 2 0 .2 0 0 .0 6 1 .3 8 0 . 2 0 0 .0 7 3 .3 0
3 . 2 0 1 .3 0 0 .1 8 0 .0 3 1 .0 0 0 .1 6 0 .0 3 2.30
3 .5 0 1 .1 3 0 .1 3 0 .0 3 0 .8 3 0 . 0 9 0 .0 2 2 .0 0
Table 3-6. Data obtained for breath duration 
components and tidal volume during 
progressive hypoxia in subject 3-3,
'T
(litres)
Range 2 present
2,0
0
0 1 2 3 4
' Respiratory cycle time ( secs )Fig. 5-6.
Tidal volume plotted against respiratory cycle time during 
progressive hypoxia in a subject.
@ inspiratory time.
A expiratory time.
‘@ total breath duration.
V,T m in s p . T exp T tôt
mean. 8D SE mean. 8D SE
0 .6 2 5 0 .8 4 0 .0 7 0 .0 2 2 .4 1 0 .2 5 0 .0 9 5 .2 5
0 .8 8 2 0 .8 1 0 .1 5 0 .0 5 2 .0 0 0 .1 9 0 .0 6 2 .8 2
0 .9 5 6 0 .7 8 0 .1 8 0 .0 9 1 .8 8 0 .5 2 0 .1 1 2 .6 6
1 .0 2 2 0 .8 5 0 .1 9 0 .0 6 1 .6 7 0 .2 5 0 .0 9 2 .5 0
1 .1 9 2 0 .8 4 0 .1 1 0 .0 5 1 .4 4 0 .5 0 0 .0 8 2 .2 9
1 .2 0 7 0 .7 5 0 .1 5 0 .0 5 1 .0 4 0 .1 7 0 .0 5 1 .7 9
1 .5 9 8 0 .7 8 0 .1 2 0 .0 5 1 .1 6 0 .2 0 0 .1 0 1 .9 4
1 .4 2 4 0 .7 2 0 .0 9 0 .0 2 0 .9 8 0 .2 1 0 .0 9 1 .7 0
1 .4 7 5 0 .7 1 0 .0 6 0 .0 2 0 .8 6 0 .0 7 0 .0 2 1 .5 8
1 .6 1 8 0 .7 8 0 .0 5 0 .0 1 0 .6 8 0 .1 0 0 .0 2 1 .4 6
Table 5 - 7 . D a ta obtained f o r b r e a t h duration
components and tidal volume during 
p r o g r e s s iv e  exercise in s u b je c t  8 0 .
2.0 Sub « SC
A
(litres) A
1.0 n
a
e
A
A
Fig. 3-7.
1 2  3
Respiratory cycle time ( secs )
Tidal volume plotted against respiratory cycle time 
during progressive exercise in one representative subject,
a inspiratory time.
A  expiratory time.
#  total breath duration..
%
I
'I-w
I
T . in s p • T exp. ^ toi
mean. 8D 8E mean. SD 8E
0.574 0 .7 5 0.07 0 .0 1 1 .6 1 0 .2 0 0 .0 4 2 .5 6
0 .9 5 6 0.74 0 .0 6 0 .0 1 1 .4 0 0.09 0 .0 2 2 .1 4
0.974 0 .7 8 0 .0 8 0 .0 1 1.50 0 .1 1 0 .0 2 2 .0 8
0 .9 8 5 0 .7 7 0.05 0 .0 1 1 .2 0 0 .1 1 0 .0 2 1 .9 7
1.090 0 .7 5 0 .0 8 0 .0 1 1 .1 2 0 .1 0 0 .0 2 1 .8 5
1.125 0.72 0 .0 8 0 .0 1 1 .1 0 0 .1 0 0 .0 2 1 .8 2
1.247 0 .6 8 0 .0 4 0 .0 2 0 .9 5 0.15 0 .0 2 1 .6 5
1 .4 0 0 0 .6 8 0 .0 6 0 .0 1 1.07 0.19 0 .0 4 1 .7 5
1 .5 6 2 0 .6 6 0.05 0 .0 1 0.91 0.09 0 .0 2 1 .5 7
1 .5 9 9 0 . 6 7 0 .1 1 0 .0 1 0 .8 6 0 .1 0 0 .0 2 1.54
1 .6 7 5 0 .7 6 0 .1 2 0.05 0 .6 7 0 .0 6 0 .0 1 1.45
1 .9 8 0 0 .6 7 0 .1 1 0.05 0.45 0 .1 1 0 .0 4 1 .1 0
Table 5 - 8 . Data obtained for breath duration
components and tidal volume during 
progressive exercise in subject PH.
2.0
(litres)
1.0
Sub. FH
A
BT
a
A
A
A A
Pig. 3-8,
Respiratory cycle time ( secs )
Tidal volume Vm plotted against respiratory cycle time during 
progressive exercise in one representative subject,
a inspiratory time,
A expiratory time,@ total breath duration.
f^ in s p . T e xp . T t (
mean. 8D 8E mean. SD SE
0 .7 2 6 1 .1 0 0 .2 5 0 .0 7 2 .5 5 0 .5 8 0 .1 6 5 .4 5
0 .9 0 2 1 .0 7 0 .1 0 0 .0 2 1 .9 0 0 .2 0 0 .0 6 2 .9 6
1 .0 4 2 1 .0 4 0 .1 4 0 .0 4 1 .7 5 0 .2 7 0 .0 6 2 .7 6
1 .1 6 8 1 .1 6 0 .1 2 0 .0 5 1 .6 6 0 .1 8 0 .0 4 2 .8 2
1 .5 5 8 1 .0 9 0 .1 5 0 .0 5 1 .5 4 0 .1 9 0 .0 4 2 .6 4
1 .4 8 5 0 .9 8 0 .0 7 0 .0 2 1 .4 2 0 .1 5 0 .0 5 2 .4 0
1 .8 6 7 1 .0 6 0 .1 1 0 .0 5 1 .5 4 0 .1 8 0 .0 4 2 .4 0
2 .0 6 5 1 .1 5 0 .1 7 0 .0 4 1 .2 5 0 .1 5 0 .0 5 2 .5 5
$ .1 9 7 1 .0 2 0 .2 0 0 .0 4 1 .2 2 0 .1 5 0 .0 5 2 .2 4
2 .6 9 0 1 .1 0 0 .0 9 0 .0 5 1 .2 7 0 .2 6 0 .1 0 2 .5 7
2 .8 1 8 0 .8 0 0 .0 8 0 .0 2 0 .8 4 0 .0 8 0 .0 2 1 .6 4
Table 5-9« Data obtained f o r  breath duration 
components and tidal volume during 
progressive exercise in subject ZB,
8ub. Z8
a A
Benge 2 present,
(litres)
2.0
1.0
a A
#
e
0
0
Fig, )~9.
Respiratory cycle time ( seds )
Tidal volume V,j., plotted against respiratory cycle time 
during progressive exercise in one embjeot.
en inspiratory time.
A  expiratory time.
#' total breath duration.
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5-4 and 5-5)• Only one subject (subject 3-5) showed 
both range 1 and 2. In range 2, after tidal volume 
exceeded twice resting level, T . s h o r t e n e d  with3- n o #
tidal volume increases, (Fig. 3-6, T a b le  3-6).
c) Progressive exercise.
In all the 10 subjects studied, a similar pattern 
to progressive hypercapnia was shovm. The total b r e a th  
duration significantly shortened with increasing tidal 
volume, resulting from the significant shortening of 
expiratory time. The inspiratory time was constant in ? 
nine of the subjects studied at all levels of exercise 
with increasing tidal volume. A range 1 and 2 was
found in one of the 10 subjects studied (Fig.3-9). The
breaking point at which range 2 occurred was at 3 times 
the eupnoeic tidal volume value, (Figs. 3-7, 3-8 and 
5 - 9 ,  T a b le s  5 - 7 ,  5 - 8  and 3 - 9 ) .
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DISCUSSION
Clark and Euler 1972 from experiments during COp 
rebreathing in cats and man, suggested that tidal volume 
is determined by the relationship between the mean f lo w  
rate (which is set by the respiratory drive) and the 
duration of inspiration. According to this proposed 
model, the inspiratory duration is set by central mech­
anism (range 1) until tidal volume exceeds a threshold 
value, above which increasing vagal activity leads to d
progressive shortening of inspiratory duration (range 2),
They found that during GOg rebreathing in man there was 
a range 1 present where inspiratory duration was constant 
with increases in tidal volume up to 2 times eupnoeic 
values. The range 2, where inspiratory duration v/as 
volume dependent, was clearly present in the subjects 
studied.
This study has shown that in all the 5 ty p e s  of 
ventilatory stimulation (hypercapnia, h y p o x ia  and 
exercise), there was a significant decrease in total 1
breath duration with increasing stimulation. With in­
creasing tidal volume, taere was a significant decrease 
in e x p i r a t o r y  duration which was the main cause f o r  the 
decreased T^^^ . The i n s p i r a t o r y  time was constant at |
all levels of tidal volume in all except one subject 
during GOg rebreathing. In this subject a range 2 o f
Clark and Euler 1972 was observed in addition to range 1. d
ySimilar observations were found in the h yp o x ic  and e x -  I
ercise s tu d ie s  where all e x cep t one subject showed co n -
.i
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s t a n t  T. a t  a l l  l e v e l s  o f  t i d a l  vo lum e. Thus onein s p .
subject in the hypoxic study and one in th e  exercise 
study showed b o th  range 1 and range 2.
The findings here are in accordance w i t h  those o f  
Cunningham and Gardner 1972. They analysed the breathing 
pattern of their subjects and found that with increasing 
PCOp, T^gt , shortened with increasing VT but was
constant throughout th e  range studied. This showed that 
expiratory time shortened with increasing chemical load. 
Similarly, Jennett et al., 1974 found t h a t  i n  h y p e rc a p n ia ,  
T.___ was constant but T ^ ^  and T.^. decreased withILilS|p • © X p  « UVu*
increasing VT. Davis and Stagg 1974 to o  found s i m i l a r  
results in their steady state h y p e rc a p n ie  studies.
Rebuck et al., 1976 found similar r e s u l t s  i n  p r o g re s s iv e  
h y p e rc a p n ia .
The findings of constant T^^g^ with in c r e a s in g  VT 
in p r o g re s s iv e  hypoxia is similar to that of the s te ad y  
s t a t e  h yp o x ia  studies of Jennett e t  al., 1974. In a 
similar study (p r o g r e s s iv e  hypoxia), Rebuck et al., 1976 
found that whilst range 1 was found in progressive hyper­
capnia, T . p r o g r e s s iv e ly  shortened with in c re a s e  in insp, -f
VT (or absence o f  range 1) in hypoxia.
In progressive e x e r c is e ,  a s i m i l a r  ran g e  1 was found  
i n  that was constant up to level 4 times eup Oneic
v a lu e  of VT. After t h i s  point T^^^ s h o r te n s .  T h is  
is i n  accord  with p ro g re s s iv e  e x e r c is e  s tu d ie s  of Jennett 
et al., 1974.
VT against T^^^^ scatter plot showed tidal volume to be 
positively correlated with inspiratory time. Although 
the tidal volume and inspiratory time varied widely in 
their steady-state experiments, the relationship showed 
a linear relationship and their ratio remained relatively 
constant. Thus increases in minute volume were directly 
associated with increases in rate of rise of inspiratory 
activity at any level of ventilation. Also when the
141
Tidal volume and total breath duration are 
positively correlated from breath to breath in man 
(Priban 1965, Dejours et al., 1966, Cunningham et al.,
1975). Also Kay et al., 1975 found similar results in |
steady-state exercise. In conscious humans, Bancroft 
and Margaria 1952 found that with increase in COg, the 
inspiratory flow rate increased linearly, in spite of 
variation in tidal volume and breath frequency, Davis 
and Stagg 1974 also found that in normal air-breathing,a
I
II
slope of VT with T. was compared at rest and raised fJLIL o ^ • W
COg breathing, it showed a steeper slope during COg 
breathing. This suggested that with increased respir­
atory stimulation, the slope or the mean inspiratory |
flow rate increased. J
By taking (dp/dt)^^^ which measures the maximum
rate of isometric contraction at about 0.1 second the 
subject-to-subject or breath-to-breath variation in 
pressure change occurring at later part of inspiration -f
is eliminated. This change occurring at the later part 
of inspiration, reflects the influence of the timing
'1
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element of the respiratory centre. Whitlaw et al.,
1975 has shown that the first 100 or 200 ms of an 
occluded breath of a conscious subject was quite re­
producible. They also suggested that this probably 
represents the respiratory centre output of the respir­
atory centres in the interval before the obstruction 
is felt.
Although in this series of experiments, there were 
no investigations done on the VT and Tb^^ relationship 
during normal breathing, data from Davis and Stagg 1974 
could still be applied. Since Th^^ was held constant 
with increasing respiratory load thus increasing VT, as 
found in this study as well as those quoted above, and 
VT increases with Tb^^ at constant respiratory load 
(in Davis and Stagg 1974 scatter plot), it can be 
suggested that the mean inspiratory flow rate increases 
with increasing load. Since inspiratory flow rate 
reflects on the inspiratory pressure change, it can also 
be postulated from this that (dp/dt)^^^ which measures 
the maximum rate of isometric pressure change would show %
this change in the measurement of ventilatory drive.
ii
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CONCLUSION. 8        ■ "
1This study was carried out to assess the reliability |
of (dp/dt)^^^ as an index of respiratory centre output. |
In Section lA, it has been shown that whilst ventilation "
was reliable as an index of response to GOg in normal f
subjects, with added airways resistance there was a 
significant reduction in the COg ventilation response 
slope. This makes it unreliable as a COg response 
measurement in patients with airways obstruction.
(dp/dt)^^^ was, however, not affected by the added airways 
resistance in normal subjects and thus was reliable as a 
COg response measurement in patients with airways 
obstruction. The  ^response to CO2 showed that it was 
as good as (dp/dt) response as an index of COg response.lli.cv #
However, (dp/dt) has the advantage over -, that %
m  CA ^  «  V /  •  - L
subjects do not sense the momentary occlusion and thus 
do not anticipate the next one. When the (dp/dt)^^^ ÿ
and ventilatory response to isocapnic hypoxia was tested, 
it was shown that both give similar results. This would %
further suggest that (dp/dt)^^^ may be an index of the 
respiratory centre output.
To test further the reliability of (dp/dt) , 
direct comparisons were made in anaesthetised rabbits 
(Section IB). Thus it was shown that whilst ventilatory 
response to COg was significantly reduced by added airways 
resistance, (dp/dt)^^^ response was not. Diaphragmatic 
electrical activity response to COg too was unaltered by 
added airways resistance. Moreover (dp/dt)^^^ changes 
paralleled EMG changes with increasing PCOg. This 4
II
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suggests that (dp/dt)^^^ reflects respirabory neuron
%
ventilation and (dp/dt) response.
Studies on the breathing pattern (Section 3) during 
hypercapnia, hypoxia and exercise suggest that (dp/dt)^^^
activity and can be said to be an index of muscle force |
generation and respiratory centre output.
Applications of (dp/dt)^_^ in normal subjects to test111 d  X # 4?:
some recent findings showed that it is comparable to
ventilation as an index of COg responsiveness (Section 2).
The findings that ventilatory response to exercise is 
positively correlated with ventilatory response to COg I
has been confirmed here in a larger sample. The 
ventilatory exercise response too showed a positive |
correlation with (dp/dt)^^^ response to OOg. Similarly 
it was found that trained subjects showed a higher VOg max 
and a lower COg ventilatory response when compared with 
untrained. Amongst the untrained, when VOg max. was
taken as an index of fitness, it is shown that those who
are physically fitter showed a lower response to hyper- ’ |
capnia and hypoxia when measured both in terms of 'I
changes may reflect on the increase in the mean inspiratory 
flow rate with increasing respiratory load. /
Thus this study has shown that (dp/dt)^^^ is a 
reliable index of respiratory centre output, even in the 
face of mechanical obstruction.
,JI
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APPENDIX 2.
Calculation of Maximum Oxygen Uptake - rnl/kgXmin.
L'
w
Body Weight 
pound kg 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2
Max
2.3
imum Oxygen Uptake 
2.4 2.5 2.6 2.7 2.8
- litres/min. 
2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 ■ y
no 50 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78n? 51 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 76ns 52 29 31 33 35 37 38 40 42 44. 46 48 50 52 54 56 58 60 62 63 65 67 69 71 73 75117 53 28 30 32 34 36 38 40 42 43 45 47 49 51 53 55 5T 58 60 62 64 66 68 70 72 74119 54 28 30 31 33 35 37 39 41 43 44 46 48 50 52 54 56 57 59 61 63 65 67 69 70 72121 55 27 29 31 33 35 36 38 40 42 44 45 47 49 51 53 55 5d 58 60 62 64 65 67 69 71 1123 56 27 29 30 32 34 36 38 39 41 43 45 46 48 50 52 54 55 57 59 61 63 64 66 68 70126 57 26 28 30 32 33 35 37 39 40 42 44 46 47 49 51 53 54 56 58 60 61 63 65 67 68128 58 26 28 29 31 33 34 36 38 40 41 43 45 47 48 50 52 53 55 57 59 60 62 64 66 67130 59 25 27 29 31 32 34 36 37 39 41 42 44 46 47 49 51 53 54 56 58 59 61 63 64 66132 60 25 27 28 30 32 33 35 37 38 40 42 43 45 47 48 50 52 53 55 57 58 60 62 63 65
134 61 25 26 28 30 31 33 34 36 38 39 41 43 44 46 48 49 51 52 54 56 57 59 61 62 64137 62 24 26 27 29 31 32 34 35 37 39 40 42 44 45 47 . 48 50 52 53 55 56 58 60 61 63139 63 24 25 27 29 30 32 33 35 37 38 40 41 43 44 46 48 49 51 52 54 56 57 59 60 62141 64 23 25 27 28 30 31 33 34 36 38 39 41 42 44 45 47 48 50 52 53 55 56 58 59 61143 65 23 25 26 28 29 31 32 34 35 37 38 40 42 43 45 46 48 49, 51 52 54 55 57 58 60146 66 23 24 26 27 29 30 32 33 35 36 38 39 41 42 44 45 47 48 50 52 53 55 56 58 59148 67 22 24 25 27 28 30 31 33 34 36 37 39 40 42 43 45 46 48 49 51 52 54 55 57 58150 68 22 24 25 26 28 29 31 32 34. 35 37 38 40 41 43 44 46 47 49 50 51 53 54 56 57 4152 69 22 23 25 26 28 29 30 32 33 35 36 38 39 41 42 43 45 46 48 49 51 52 54 55 57154 70 21 23 24 26 27 29 30 31 33 34 36 37 39 40 41 43 44 46 47 49 SO 51 53 54 56
157 71 21 23 24 25 27 28 30 31 32 34 35 37 38 39 41 42 44 45 46 48 49 51 52 54 55159 72 21 22 24 25 26 28 29 31 32 33 35 36 38 39 40 42 43 44 46 47 49 50 51 53 54161 73 21 22 23 25 26 27 29 30 32 33 34 36 37 38 40 41 42 44 45 47 40 49 51 52 53163 74 20 22 23 24 26 27 28 30 31 32 34 35 36 38 39 41 42 43 45 46 47 49 50 51 53165 75 20 21 23 24 25 27 28 29 31 32 33 35 36 37 39 40 41 43 44 45 47 48 49 51 52168 76 20 21 22 24 25 26 28 29 30 32 33 34 36 37 38 39 41 42 43 45 46 47 49 50 51170 77 19 21 22 23 25 26 27 29 30 31 32 34 35 36 38 39 40 42 43 44 45 47 48 49 51172 78 19 21 22 23 24 26 27 28 29 31 32 33 35 36 37 38 40 41 42 44 45 46 47 49 50174 79 19 20 22 23 24 25 27 28 29 30 32 33 34 35 37 38 39 41 42 43 44 46 47 48 49 1 1 w;176 80 19 20 21 23 24 25 26 28 29 30 31 33 34 35 36 38 39 40 41 43 44 45 46 48 49
179 81 19 20 21 22 23 25 26 27 28 30 31 32 33 35 36 37 38 40 41 4.2 43 44 46 47 48181 82 18 20 21 22 23 24 26 27 28 29 30 32. 33 34 35 37 38 39 40 41 43 44 45 46 48183 83 18 19 20 22 23 24 25 27 28 29 30 31 33 34 35 36 37 39 40 41 42 43 45 46 47105 84 18 19 20 21 23 24 25 26 27 29 30 31 32 33 35 36 37 38 39 40 42 43 44 45 46187 85 18 19 20 21 22 24 25 26 27 28 29 31 32 33 34 35 36 38 39 40 41 42 44 45 46 ’ î'v190 86 17 19 20 21 22 23 24 26 27 28 29 30 31 33 34 35 36 37 38 40 41 42 43 44 43192 87 17 18 20 21 22 23 24 25 26 28 29 30 31 32 33 34 36 37 38 39 40 41 43 44 45 î . 1.194 88 17 18 19 20 22 23 24 25 26 27 28 30 31 32 33 34 35 36. 38 39 40 41 42 43 44196 89 17 18 19 20 21 22 24 25 26 27 28 29 30 31 33 34 35 36 37 33 39 40 42 43 44198 90 17 18 19 20 21 22 23 24 26 27 28 29 30 31 32 33 34 36 37 38 39 40 41 42 43
201 91 16 18 19 20 21 22 23 24 25 26 27 29 30 31 32 33 34 35 36 37 38 40 41 42 43203 92 16 17 18 20 21 22 23 24 25 26 27 28 29 30 32 33 34 35 36 37 38 39 40 41 42 ■ M205 93 16 17 IS 19 20 22 23 24 25 26 27 28 29 30 31 32 33 34 35 37 38 39 40 41 42 ) $207 94 16 17 18 19 20 21 22 23 24 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41209 95 16 17 18 19 20 21 22 23 24 25 26 27 23 29 31 32 33 34 35 36 37 38 39 40 41212 96 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 38 39 40 41214 97 15 16 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40216 90 15 16 17 18 19 20 21 22 23 24 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40218 99 15 16 17 16 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39220 100 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
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APBBNDIX 2 ( oontd. )
Calculation of Maximum Oxygen Uptake - mi/kg X min.
Body Weight Maximum O, ygen Uptake litres/min.
pound kg 4,0 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.0 4.9 5.0 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9 6.0
no 50 80 82 84 86 88 90 92 94 96 98 100 102 104 106 108 110 112 114 116 118 120112 51 78 80 82 84 86 88 90 92 94 96 98 100 102 104 106 100 no 112 114 116 118115 52 77 79 81 83 85 87 88 90 92 94 96 98 100 102 104 106 108 no 112 113 115117 53 75 77 79 81 83 85 87 89 91 92 94 96 98 100 102 104 106 103 109 111 113119 54 74 76 78 80 81 83 85 87 89 91 93 94 96 98 100 102 104 106 107 109 111121 55 73 75 76 78 80 82 84 85 87 09 91 93 95 96 98 100 102 104 103 107 109123 56 71 73 75 77 79 SO 82 84 86 88 89 91 93 95 96 98 100 102 104 105 107126 57 70 72 74 75 77 79 61 82 84 86 83 89 91 93 95 96 98 100 102 104 103128 58 69 71 72 74 76 78 79 81 83 84 86 88 90 91 93 95 97 90 100 102 103130 59 68 69 71 73 75 76 78 80 81 83 85 86 88 90 92 93 95 97 98 100 102132 60 67 68 70 72 73 75 77 78 80 82 83 85 87 88 90 92 93 95 97 98 100
134 61 66 67 69 70 72 74 75 77 79 SO 82 84 05 87 89 90 92 93 95 97 98137 62 65 66 68 69 71 73 74 76 77 79 81 82 04 85 87 89 90 92 94 95 97139 63 63 65 67 68 70 71 73 75 76 78 79 81 83 84 86 87 89 90 92 94 95141 64 63 64 66 67 69 70 72 73 75 77 78 80 81 83 84 86 88 89 91 92 94143 65 62 63 65 66 68 69 71 72 74 75 77 78 80 82 83 85 86 88 69 91 92146 66 61 62 64 65 67 68 70 71 73 74 76 77 79 80 82 83 85 86 88 89 91148 67 60 61 63 64 66» 67 69 70 72 73 75 76 78 79 81 82 84 83 87 88 90150 68 59 60 62 63 65 66 68 69 71 72 74 75 76 70 79 81 82 84 85 87 88153 69 58 59 61 62 64 65 67 68 70 71 72 74 75 77 78 80 81 83 84 86 87154 70 57 59 60 61 63 64 66 67 69 70 71 73 74 76 77 79 80 81 83 84 86
157 71 56 58 59 61 62 63 65 66 68 69 70 72 73 75 76 77 79 80 02 83 85159 72 56 57 58 60 61 63 64 6.5 67 68 69 71 72 74 75 76 78 79 81 82 83161 73 S3 56 58 59 60 62 63 64 66 67 68 70 71 73 74 75 77 78 79 81 82163 74 54 55 57 58 59 61 62 64 65 66 68 69 70 72 73 74 76 77 70 80 81165 75 53 55 56 57 59 60 61 63 64 65 67 68 69 71 72 73 75 76 77 79 00168 76 53 54 55 57 58 59 61 62 63 64 66 67 68 70 71 72 74 75 76 78 79170 77 52 53 55 56 57 58 60 61 62 64 65 66 68 69 70 71 73 74 75 77 78172 78 51 53 54 55 56 58 59 60 62 63 64 65 67 68 69 71 72 73 74 76 77174 79 51 52 S3 54 56 57 58 59 61 62 63 65 66 67 68 70 71 72 73 75 76176 80 50 51 53 54 55 56 58 59 60 61 63 64 65 66 68 69 70 71 72 74 75
179 81 49 51 52 53 54 56 57 58 59 60 62 63 64 65 67 68 69 70 72 73 74181 82 49 50 51 32 54 55 56 57 59 60 61 62 63 65 66 67 68 70 71 72 73183 83 48 49 51 52 53 54 55 57 58 59 60 61 63 64 65 66 67 69 70 71 72185 84 48 49 50 51 52 54 55 56 57 58 60 61 62 63 64 65 67 68 69 70 71187 85 47 48 49 51 52 53 54 55 56 58 39 60 61 62 64 65 66 67 68 69 71190 86 47 48 49 50 51 52 53 55 56 57 58 59 60 62 63 64 65 66 67 69 70192 87 46 47 48 49 51 52 53 54 55 56 57 59 60 61 62 63 64 66 67 68 89194 88 45 47 48 49 50 51 52 53 55 56 57 56 59 60 61 63 64 65 66 67 68196 89 45 46 47 48 49 51 52 53 54 35 56 57 58 60 61 62 63 64 65 66 67198 90 44 46 47 48 49 50 51 52 53 54 56 57 58 59 60 61 62 63 64 66 67
201 91 44 45 46 47 48 49 51 52 53 54 55 56 57 58 59 60 62 63 64 65 66203 92 43 45 46 47 48 49 50 51 52 53 54 55 57 58 59 60 61 62 63 64 65205 93 43 44 45 46 47 48 49 51 52 53 54 55 56 57 58 59 60 61 62 63 65207 94 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 59 60 61 62 63 64209 93 42 43 44 45 46 47 48 49 51 52 53 54 55 56 57 58 59 60 61 62 63212 96 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 63214 97 41 42 43 44 45 46 47 48 49 51 52 53 54 55 56 57 53 59 60 61 62216 98 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61218 99 40 41 42 43 44 45 46 47 48 49 51 52 53 54 55 56 57 50 59 60 61220 100 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
â
